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ABSTRACT
The recent resurgence of bed bugs has led to an explosion of bed bug research
influenced by the applied needs of pest management professionals. I assessed the needs
of pest management professionals who deal with bed bugs in South Carolina. Bed bugs
were reported in 28 of 46 counties in South Carolina. Previous samples of bed bug
populations have displayed a 1:1 sex-ratio suggesting females do not use aggregations
and harborages to hide from males and traumatic insemination, which can be harmful to
females. Aggregations are biased in composition, suggesting that females are able to hide
from males within harborages. Previous studies have shown that male bed bugs and fifthinstar nymphs, but not mated females, release alarm pheromone that deters males from
mating with them. I showed that virgin females did not produce alarm pheromone as a
deterrent for mating, although the sample size was small. I evaluated the use of heat with
residual insecticides on surfaces over time, using both a resistant and susceptible bed bug
strain. Products generally performed better if unheated than if heated before bed bug
exposure, but susceptible mortality on heated control panels was high, reaching 100% on
metal panels. Phantom products were more effective over time on all surfaces for up to
three months, and performed best on wood surfaces. Temprid was more effective over
time on wood surfaces, and Temprid and Transport products performed best on metal
surfaces. Heat had a stronger effect on the susceptible strain than on the resistant strain.
The reported results will provide important biological and applied information that will
help pest management professionals control bed bugs more efficiently.
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INTRODUCTION

Insects in the family Cimicidae are pests of bats, birds, and humans. The first
human-associated bed bug is thought to have followed humans of caves (Usinger 1966).
However bed bugs came to be associated with humans, the oldest record is from a
fossilized bed bug found in Egypt, dated at about 3,500 years old (Panagiotakopulu and
Buckland 1999). Today, two main species are associated with humans, Cimex lectularius
L., the common bed bug, and Cimex hemipterus F., the tropical bed bug. The common
bed bug is cosmopolitan, whereas the tropical bed bug is found more commonly in areas
along the equator (Usinger 1966). In the United States, the common bed bug is the main
pest species.
Bed bugs are considered pests because they are temporary, obligate ectoparasites
of humans that require blood meals to grow and develop (Usinger 1966). The pest
management industry was caught unaware when this pest, which had been rare in the
United States and other developed nations since World War II, suddenly began appearing
in homes and hotels in the early to mid-1990s. Since the initial increase in infestations
across the United States, bed bugs have reestablished as a leading pest. Researchers and
pest management professionals need to make up for the lack of research-based
information conducted on bed bugs during the second half of the 20th century. Usinger’s
Monograph of Cimicidae (1966) has formed the foundation of our knowledge about the
bed bug, but much of this book is about the observations of the author as opposed to
experimentally-gathered information.
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Today, bed bugs have infiltrated human life in such a way that is rarely seen in a
pest species. Bed bugs can be found commonly in places such as hotel rooms, but bed
bugs can also exist in less common locations, such as subways, movie theaters, dressing
rooms, nursing homes, childcare centers, and airplanes (Potter 2006, Potter et al. 2008).
The intimate association of bed bugs with humans, a relationship in which blood meals
are generally obtained when humans are sleeping and most vulnerable, has caused a level
of fear and panic that has been exacerbated by the media. Affected individuals can suffer
from mental and emotional distress, with records of post-traumatic stress syndrome,
delusory parasitosis, and suicidal thoughts from people that have suffered or are suffering
from a bed bug infestation (Goddard and deShazo 2012, personal communication M.
Potter).
The pest management industry is learning how to deal with this pest species, and
have found some successful control strategies for bed bug infestations. However, there is
still a need for fine-tuning current control strategies and creating novel control methods
to implement into an integrated pest control program; every infestation is different, and
control strategies that are successful in one infestation may not be ideal in another. For
example, heating an entire single-family home is possible and effective, but that cannot
be done for the penthouse of a 30-story apartment building. Exploiting the biology and
behavior of this species is one way to develop new control methods, but research in this
area has been limited.
Therefore, my dissertation has focused on learning more about the biology and
behavior of the bed bug, and the evaluation of a commonly-used integrated pest
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management technique. The aggregation behavior of bed bugs is an important aspect of
this species’ natural history, and little is known about aggregation dynamics within field
populations. The mating system of bed bugs, called traumatic insemination, might cause
females to avoid males due to costs associated with frequent mating, and might influence
aggregation dynamics. Heat used in combination with insecticides is a common
component of an integrated pest management program for bed bug control, and an
evaluation of the efficiency of this method is warranted.
The overall objective of my research is to determine and address the research
needs of South Carolina pest management professionals (PMPs). The specific objectives
of my research are based on the results of objective one.

Objective 1) Determine the needs of South Carolinian PMPs, by addressing the
following questions:
a) What is the distribution of bed bugs in South Carolina?
b) In what type of dwellings are infestations occurring?
c) What control strategies are PMPs using for bed bug infestations?
d) What challenges are PMPs facing
e) Research in what areas would be most helpful?
Objective 2) Determine the demographics of aggregations and solitary bed bugs in
infestations.
Hypothesis 1: Individual aggregations will be sex-biased.
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Hypothesis 2: Female bed bugs will be solitary more often than any other life
stage, which will be positively correlated with having recently fed or mated.
Objective 3) Determine if females can deter mating.
Hypothesis: Female bed bugs can deter mating by releasing pheromones.
Objective 4) Determine if bed bug-labeled residual insecticides retain their efficacy after
heated to 135° C for seven hours, establish which tested insecticide works best on
different surfaces, and determine the effect of heat on residual activity of insecticides.
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CHAPTER ONE
LITERATURE REVIEW: THE BED BUG

Taxonomy and Morphology
Bed bugs are classified into the phylum Arthropoda, class Insecta, and the order
Hemiptera. Members of Hemiptera are generally recognized by their modified
sucking/piercing mouthparts, known as beaks. Anatomically, a beak consists of the
labrum extending ventrally, anteriorly to the labium (which ventrally encloses the long,
pointed maxillae and mandibles). The maxillae and mandibles combine together to form
the piercing stylet (Usinger 1966). The suborder Heteroptera, or the true bugs, is
recognized by modified wings known as hemelytra (Triplehorn and Johnson 2005).
Hemelytra are anteriorly thickened and leathery, and posteriorly membranous; however,
bed bugs are somewhat unique in this suborder in that the adults are secondarily wingless
and thus lack hemelytra. Heteroptera is a highly varied suborder, with species that feed
on plant juices, are predatory, or are parasitic blood-feeders (Triplehorn and Johnson
2005). Bed bugs fall into the last category and are members of the family Cimicidae,
which contains ectoparasites of bats, birds, and humans (Usinger 1966).
The family Cimicidae is classified into 24 genera that contain a total of 110
described species (Henry 2009), all of which are recognizable by their wingless and
highly-modified thorax, and dorsoventrally flattened abdomen (Usinger 1966). Every
member of this family is a temporary, obligate ectoparasite, meaning it must feed on
blood to survive, but does not live on its host. Most cimicids are associated with various
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species of bats and birds, and there are two species that feed primarily on humans: Cimex
lectularius L. and C. hemipterus F. (Usinger 1966). Other species, such as Leptocimex
boueti Brumpt (Usinger 1966), C. columbarius Jenyns (Gingrich and Osterberg 2003),
and C. pipistrelli Jenyns (Whyte et al. 2001), have been documented as opportunistic
feeders that will feed on human blood if their primary host is unavailable; many members
of the family likely fall into this category. Similarly, human bed bugs are able to feed on
other hosts, and infest poultry houses (Axtel and Arends 1990). Information on the
members of this family not commonly associated with humans is scarce, mainly due to
the inaccessibility of their hosts (e.g. cave-dwelling bats and cliff-dwelling birds).
Therefore, this review will focus on Cimex lectularius, with supplemental anecdotes
where information on other species is available. The phrases ‘bed bug’ and ‘common bed
bug’ will refer to the species C. lectularius.
The name of the cosmopolitan Cimex lectularius comes from the Latin roots
‘cimex’ for bug, and ‘lectulus’ for small bed (Ryckman 1979). The bed bug has a
flagellum with two pseudosegments on each antenna and a three-segmented beak
(Usinger 1966, Triplehorn and Johnson 2005). The tarsus has three pseudosegments, and
the two tarsal claws allow gripping of a substrate to provide leverage for feeding, which
does not occur if the forelegs are surgically removed (Usinger 1966). The tropical bed
bug, Cimex hemipterus, is similar to C. lectularius in appearance. It is most easily
distinguished by the pronotum, which is not as wide and has a sharper curvature than that
of C. lectularius (Usinger 1966, Pinto et al. 2007).
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The common bed bug is ~5-6 mm long (adults), ovoid, reddish brown, and highly
sclerotized. It is dorsoventrally flattened, enabling it to hide in cracks and crevices where
it remains between blood meals. (Usinger 1966, Krinsky 2002, Harlan and Cooper 2004).
The bed bug has nonfunctional, reduced forewing pads that are rectangular and wider
than long, and lacks remnants of hind wings (Usinger 1966). The thorax and abdomen of
all Cimicidae are covered with simple, cleft, or dentate setae (Usinger 1966). The flagella
of the antennae contain peg and hair-like sensilla, which have porous walls and are
necessary for pheromone detection (Levinson et al. 1974). A row of spines on the tibia of
both common and tropical bed bugs creates a comb, and the tarsi have long setae at their
bases. The setae are potentially mechanoreceptors used to detect surface texture for
oviposition (Walpole 1987).
Male bed bugs can be distinguished from females by the shape of the abdomen,
which is pointed compared to the broad, round abdomen of a female. Male genitalia are
asymmetrical and called parameres. They can be found on the ninth abdominal segment
of males, and consist of an aedeagus and left clasper (Usinger 1966). The paramere has
short pegs used for contact chemosensory detection of male ejaculate within the female
(Siva-Jothy and Stutt 2003). Female bed bugs have a fully-functional genital tract that is
strictly used for laying eggs. Mating occurs at the intersegmental membrane between the
fifth and sixth abdominal sclerites, at a paragenital sinus called the spermalege; the
ectospermalege is found externally, and the mesospermalege is located internally to the
ectospermalege (Carayon 1966).
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Distribution
Bed bugs are parasites of bats, birds, or humans. Twelve genera are strictly
associated with bats, one genus with bats and humans, one genus with bats, humans, and
birds, and ten genera strictly with birds (Usinger 1966, Ryckman et al. 1981). It has been
hypothesized that bed bugs adapted to living with humans when humans lived in caves
occupied by bats, and stayed with humans when the caves were left (Usinger 1966).
The species Cimex lectularius is cosmopolitan in temperate and subtropical
regions, found basically anywhere humans are located (Usinger 1966). In the United
States, bed bugs have been reported in all 50 states (Potter et al. 2010a). The tropical bed
bug is distributed along the equator and survives better at higher temperatures than does
C. lectularius (Usinger 1966).
The distribution of bed bugs in infested bird nests and bat caves is unknown.
Multiple studies have documented the distribution of infestations in human dwellings.
Most infestations occur in single-family dwellings or apartments, but can occur anywhere
humans spend time, such as subways, hospitals, and restaurants (Hwang et al. 2005, Pinto
et al. 2007, Potter et al. 2010a). In an infestation, bed bugs are found most commonly on
the bed frame, mattress, box spring, and floor boards (Hwang et al. 2005, Pinto et al.
2007).

History
The oldest reference to the association between bed bugs and people is of a bed
bug fossil found in an Egyptian village dated at 3,500 years old (Panagiotakopula and
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Buckland 1999). The works of Pliny, Aristotle, and Aristophanes contain references to
bed bugs (Usinger 1966). During the medieval age, bed bugs only affected the
economically advanced because these people could afford to heat their homes, creating a
more conducive atmosphere for bed bugs (Gangloff-Kaufman and Schultz 2003).
However, by the 16th century, bed bugs were affecting all economic classes.
Developed nations saw a decline in bed bugs after World War II, which occurred
for many reasons. The widespread use of dichlorodiphenyl trichloroethane (DDT) for
cockroach control inadvertently eliminated bed bugs as well. Also, novel house designs
created fewer corners for harborage, and made cleaning an easier task. More effective
cleaning tools, such as vacuums, also made cleaning easier and caused a decline in bed
bug numbers (Gangloff-Kaufman and Schultz 2003, Krueger 2000, Boase 2001, Pinto et
al. 2007). The decline only occurred in developed countries, and bed bugs were still
common in developing countries (Potter et al. 2010b).
In the mid-1990s to early 2000s, pest management professionals in developed
countries began to notice an increase in bed bug-related calls (Krueger 2000, Boase
2001). The most likely reason for the recent bed bug spread is increased world travel,
especially from commonly-infested countries (Krueger 2000, Pinto et al. 2007). Bed bug
resistance to insecticides (Romero et al. 2007) along with targeted insecticides (i.e.,
cockroach baits) also likely played a role (Pinto et al. 2007). Bed bugs possibly did not
entirely disappear from developed countries, but were limited to poultry houses.
Movement from poultry to humans also could have spread bed bugs (Axtell and Arends
1990), which is genetically supported by mitochondrial DNA analysis (Szalanski et al.
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2008). Regardless, they are back and have emerged as a top pest in the industry (Potter et
al. 2010a, Potter et al. 2013), due in part to elimination difficulties, and the high-profile
lawsuits associated with infestations (Pinto et al. 2007).

Life Cycle
The length of each developmental stage in the life cycle of a bed bug is highly
dependent on temperature, feeding, and mating frequencies, which interact to create a
complex developmental system. Development happens more quickly at higher
temperatures and if a host is continually present (Usinger 1966), but a female’s life span
has an inverse relationship to an increase in matings (Stutt and Siva-Jothy 2001). Most
laboratory experiments use bed bugs maintained at 25-27 °C and given blood meals every
7-10 days.
Females lay oval, whitish eggs individually, four to six days after successfully
mating and feeding. The eggs are ~1 mm in length and attached to surfaces by a cement
substance. They develop for six days before hatching, but might need up to 21 days if
held at 18 °C (Usinger 1966). While hatching, the nymph forces open the operculum with
its head, possibly by swallowing amniotic fluid and forcing it to the anterior portion of
the body aided by the use of hatching spines from the embryonic cuticle (Sikes and
Wigglesworth 1931). A newly eclosed nymph can feed within the first 24 hours, as soon
as its cuticle hardens (Usinger 1966),
Immature bed bugs are dorsoventrally flattened, tan, and somewhat translucent,
especially in the younger instars. They range from one to five mm in length, depending
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on the life stage. The amount of time spent in each of the five instars varies from three
days at 30 °C to 26 days at 18 °C (Usinger 1966, Polanco et al. 2011). Instar length varies
from susceptible to pesticide-resistant populations, with the first-instar significantly
shorter and the fifth-instar significantly longer in resistant populations (Polanco et al.
2011). Each instar requires a full blood meal before molting into the next instar. An
individual bed bug spends about 30 days as an immature before molting to the adult
(Johnson 1942).
As adults, bed bugs are reddish/brown. They require a blood meal before sperm or
eggs can be produced (Usinger 1966). Once mated, a female can maintain sperm for 4-6
weeks (Stutt and Siva-Jothy 2001). About six days after mating and feeding, a female
will lay 6-15 eggs before another blood meal is necessary to produce more eggs (Pinto et
al. 2007). While adult bed bugs usually live for 1-3 months (Polanco et al. 2011), they
can live for over a year, even without feeding, although this situation is more the
exception than the rule (Usinger 1966).

Feeding Behavior
While searching for a host, bed bugs use host cues such as heat and carbon
dioxide (Usinger 1966, Suchy and Lewis 2011). Once a host is located, the bed bug
approaches with its beak and antennae extended (Usinger 1966). The tarsal claws on the
forelegs are used to grip the feeding surface and to provide the necessary leverage for the
bed bug to insert its mouthparts into the host (Pinto et al. 2007), and bed bugs cannot feed
without their forelegs (Usinger 1966). The labium does not enter the host, but folds as the

11

stylet pierces through the skin, allowing deeper penetration into the skin (Krinsky 2002).
Repeated probing with the stylet occurs until the bed bug punctures a suitable blood
vessel (Lavoipierre 1965). Nymphs will consume 3-6 times their own body weight, males
~1.5 times, and females ~2 times their own body weight.

Reproductive Behavior
Sexual conflict occurs when the two genders of a sexually reproducing species
have varying optimal reproductive fitness strategies (Parker 1979, Arnqvist and Rowe
2005); therefore, what is beneficial for one sex may be detrimental to the opposite sex.
The rare reproductive strategy that occurs in all Cimicidae is called traumatic
insemination, in which the male inserts his needle-like paramere through the female’s
abdominal cuticle and injects sperm into the hemocoel, completely outside of the
reproductive tract, causing a physical wound to females. Scarring, represented by
melanization, can be seen where the male paramere has pierced female cuticle (Carayon
1966, Reinhardt and Siva-Jothy 2007). Because mating causes physical trauma to
females, sexual conflict has been documented in Cimex lectularius and Afrocimex
constrictus Ferris and Usinger (Stutt and Siva-Jothy 2001, Reinhardt et al. 2009b), but
most likely occurs in all Cimicidae.
Sexual conflict can lead to antagonistic coevolution, an evolutionary arms race
between males and females of a species. Selection pressures strengthen the fitness
strategy of the individual, even if the strategy is detrimental to the opposite sex (Parker
1979, Chapman et al. 2003, Arnqvist and Rowe 2005). In sexual conflict cases that lead
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to sexually antagonistic coevolution, many physiological and behavioral evasive
strategies have been documented (Chapman et al. 2003, Arnqvist and Rowe 2005). In
most bed bug species, females have evolved a counteradaptation to traumatic
insemination known as the paragenital system, or spermalege (Carayon 1966, Morrow
and Arnqvist 2003).
The spermalege functions to localize the occurrence of traumatic insemination,
and provides females of the common bed bug with an immune benefit that does not exist
if insemination occurs outside of the spermalege (Reinhardt et al. 2003). However,
exposure of bed bug females to the optimal mating rate of males (5x per feeding) results
in a 25% reduction in life and ultimately fewer fertile eggs, even with this adaptation.
The optimal male mating rate is 20 times higher than the optimal mating rate for females,
which is only once every four weeks, because females can maintain sperm for four to six
weeks (Stutt and Siva-Jothy 2001). Multiple traumatic inseminations lead to increased
water loss in females (Benoit et al. 2012), possibly causing females exposed to more
inseminations to have a shorter lifespan. Although females benefit from insemination at
the spermalege location, the cues that cause males to penetrate at that site are unknown.
Females of the common bed bug also express a ‘refusal posture’ in which they
flex their abdomens towards the substrate, away from males, preventing copulation (SivaJothy 2006). However, male bed bugs prefer fully engorged females, because recently fed
females cannot perform the refusal posture (Reinhardt et al. 2009a). After feeding, bed
bugs hide in cracks and crevices for days to digest their meal, where mating is thought to
occur (Usinger 1966). Therefore, females might display other male-avoidance behaviors;
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otherwise they would be mated continually while digesting their meal, which could
potentially expose them to enough traumatic inseminations to shorten their lifespan.

Endosymbionts
Many insects, especially those that feed on nutrient-poor substances such as
blood, depend on obligate bacterial mutualists for the supplementation of nutrients
essential to perform bodily functions (Wernegreen 2002). Almost all Cimicidae house
endosymbionts in paired organs called mycetomes in the abdomen (Usinger 1966, Chang
and Musgrave 1973). If bed bugs are held at 36 °C, the endosymbionts are eliminated
after two weeks, and fecundity is significantly lower (Chang 1974). Bed bug
endosymbionts were identified as Wolbachia and a member of λ-proteobacteria (Hypsa
and Aksoy 1997). The obligate, primary (P)-endosymbiont of C. lectularius and C.
hemipterus is Wolbachia, which provides essential B vitamins, representing the first
demonstration of a once-facultative bacterial-host relationship evolving into an obligate
relationship (Hosokawa et al. 2010). The endosymbionts are transferred vertically to the
oocytes during embryogenesis (Usinger 1966). Secondary facultative endosymbionts of
λ-proteobacteria are found in Malpighian tubules and ovariole pedicels of some bed bugs,
although their function remains unknown (Hosokawa et al. 2010).

Chemical Ecology
Chemical ecology is important for interpreting bed bug aggregation, defense, and
mating behavior, and has become a leading area of bed bug research (Weeks et al. 2011).
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Bed bugs harbor in aggregations consisting of all life-stages (adult, immature, egg),
feeding statuses (fully engorged to unfed), and mating statuses (Johnson 1942, Reinhardt
and Siva-Jothy 2007), in which they spend most of their time (Usinger 1966). All bed
bug life-stages respond to contact pheromones emitted by immature and male bed bugs,
resulting in arrestment of motion, but the compounds have not been identified (Siljander
et al. 2007). An airborne pheromone is also involved in aggregation and consists of a 10compound mixture, with (E)-2-hexenal, (E)-2-octenal representing the highest portion of
the mixture (Siljander et al. 2008).
The main line of bed bug defense is an alarm pheromone that causes dispersal of
all life-stages when released in high quantities, and is released when a threat is realized
(Levinson et al. 1974). The two main components of the alarm pheromone are the same
as the two main components of the aggregation pheromone. The amount of the
compounds might affect the interpretation by the bed bugs (Weeks et al. 2011).
The same two chemical compounds also play a role in bed bug mating behavior.
Male bed bugs are attracted to engorged females, which display less resistance to mating
(Reinhardt et al. 2009a). Sometimes males mount engorged males, and even pierce the
cuticle and inject sperm in some situations (Ryne 2009). Male (Ryne 2009) and nymphal
bed bugs (Harraca et al. 2010) release alarm pheromone when mounted by matesearching males, which deters males from mating with non-female bed bugs. Females
have not been shown to release alarm pheromone when mounted by males, but only
virgin females were tested (Ryne 2009). Mated females might also release alarm
pheromone to prevent detrimental multiple inseminations over time.
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Medical Relevance
Every stage of every Cimicidae species requires a blood meal (Usinger 1966),
making Cimicidae potential vectors of pathogens. Some species transmit pathogens to
bats, such as Oeciacus vicarious Horvath with Fort Morgan virus (Rush et al. 1980),
whereas other species have been suspected, such as Stricticimex parvus and Cimex
insuetus with Kaeng Khoi virus (Williams et al. 1976). Cimex lectularius has been shown
to carry more than 60 pathogens (Usinger 1966, Ryckman 1981), and has been shown to
mechanically transmit Hepatitis B in manipulated conditions (Blow et al. 2001), but have
not been shown to transmit pathogens to humans (Goddard and deShazo 2009). Recently,
bed bugs have been shown to carry Methicillin-resistant Staphylococcus aureus (MRSA),
but have not been implicated in its transmission (Lowe and Romney 2011).
Bed bugs still pose a significant medical threat. Varied allergic reactions, from no
reaction to severe, anaphylactic reactions, occur from bed bug bites, and delayed
reactions are also common (Ryckman 1979). Allergic reactions are most likely caused by
bed bug salivary components (Sansom et al. 1992, Leverkus et al. 2006). The salivary
components of most blood-sucking insects inhibit reactions in the host (Ribeiro and
Francischetti 2003). Bed bug saliva has a nitric oxide component that acts as a
vasodilator to keep the host blood vessels expanded for blood flow (Valenzuela et al.
1995); it is also capable of cleaving adenosine diphosphate (ADP), a necessary
component of platelet activation and aggregation, allowing the host blood to flow
continuously (Valenzuela et al. 1996). Topical exposure to bed bug saliva can also cause
a reaction, even without breaking the skin (Goddard and Edwards 2013). Itching, redness,
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swelling, vesicles, and blisters can develop from bites (Sansom et al. 1992, Liebold et al.
2003).
Bed bug infestations can also cause psychological distress. Many people that have
previously been exposed to a bed bug infestation that was successfully eliminated will
suffer from delusory parasitosis in the future, where a person wrongly thinks they are
infested by an arthropod (Hinkle 2000). Those that are suffering from infestations have
feelings of hopelessness, embarrassment, and even suicidal thoughts (M. Potter, personal
communication). Other response behaviors to bed bug infestations include nightmares,
insomnia, anxiety, and avoidance behaviors, and those affected by bed bug infestations
have even been tied to post traumatic stress disorder (Goddard and deShazo 2012).

Detection
The cryptic behavior of bed bugs makes visual detect of an infestation difficult
(Harlan and Cooper 2004) until the population has grown to high numbers (Pinto et al.
2007). The bite-reaction severity bed bugs cause to hosts ranges from severe to delayed,
to no reaction (Sansom et al. 1992) making the delineation of a bite timeframe almost
impossible, causing infestations to continue growing without treatment. Also, gravid
female bed bugs might be the dispersal stage (Pfiester et al. 2009), and thus infestations
can be founded by a single introduction and spread throughout an entire building (Booth
et al. 2012). These factors make early detection crucial but difficult.
Multiple models of bed bug detection devices exist. One type is placed
underneath a bed post and intercepts bed bugs crawling to or from a host, which detects
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bugs six times more than visual inspection (Wang et al. 2009a). Pitfall traps baited with
carbon dioxide and heat are more efficient than expensive active monitors containing
attractants (Wang et al. 2009b, Wang et al. 2010b). Other traps are more passive, and act
as a harborage for bed bugs. Historically, bean leaves were used to trap bed bugs (M.
Potter, personal communication), which motivated the creation of a biomimetic surface
as a passive detection trap (Szyndler et al. 2013). Bed bug-detecting canines are an active
tool used in places such as hotels, where there are many rooms that could potentially have
bed bugs, and can be up to 98% effective if trained and maintained properly (Pfiester et
al. 2008).

Control
Control of bed bugs is difficult. Bed bugs usually hide in cracks and crevices
during the day, and come out to feed only at night (Usinger 1966). This cryptic behavior
makes locating infestations difficult, and infestations can remain hidden and unnoticed
for months (Pinto et al. 2007). Also, any travel by an infested person can spread them to
other dwellings because bed bugs hitchhike on people’s belongings (Usinger 1966).
Finally, many populations of bed bugs have shown resistance to pesticides (Moore and
Miller 2006, 2008, Romero et al. 2007), causing a search for alternative control methods.
Therefore, bed bug control almost always requires an integrated pest management
approach.
Most chemical products labeled for bed bug use belong to the pyrethroid class,
and repeated use has shown resistance to these products by many bed bug populations
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(Romero et al. 2007, Moore and Miller 2006, 2008). Bed bug knockdown resistance is
attributed to protein mutations in the voltage-gated sodium channel gene (Yoon et al.
2008), a mutation widespread in US bed bug populations (Zhu et al. 2010). Expressed
protein transcripts were sequenced and compared between susceptible and resistant
populations, revealing high levels of cytochrome P450 (Bai et al. 2011), which have the
ability to metabolize insecticides (Scott and Wen 2001). RNA interference of cytochrome
P450 reductase reduces bed bug insecticide resistance (Zhu et al. 2012). Thicker cuticles
in resistant strains help prevent insecticide entry into bed bugs (Mamidala et al. 2012).
The wide range of pyrethroid resistance might be due to cross-resistance from
DDT, which was documented in the 1960s (Usinger 1966), because of the similar mode
of action on the voltage-gated sodium channels (Vijverberg et al. 1982). A plethora of
products labeled for bed bug control were available from pesticide classes other than
pyrethroids, such as organophosphates and carbamates, but the Environmental Protection
Agency (EPA) cancelled indoor use of the other insecticide classes (Potter 2006). Also,
bed bugs increase their movement when on surfaces of some pyrethroid-based pesticides
(Romero et al. 2009a), which might lead to dispersal.
The organophosphate dichlorvos (DDVP) formulated into resin strips was
registered for bed bug use in 2006, and is successful in eliminating bed bugs, but can be
time consuming (7-14 days). Also, its use is restricted to areas where there is no human
exposure for longer than 4 hours a day, such as closets, dressers, and garages (Potter et
al., 2010). However, control of bed bugs can occur in 36-48 hours if heat is combined
with DDVP (Lehnert et al. 2011). Juvenile hormone analogs, such as methoprene and
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hydroprene, are another option because of their specificity and different mode of action
than pyrethroids, but are ineffective at current label rates (Goodman et al. 2012). Overthe-counter foggers also are ineffective (Jones and Bryant 2012), supporting the idea that
the treatment of bed bug infestations should be left to pest management professionals.
Chlorfenapyr is a pro-insecticide that is metabolized by insects only after entrance into
the organisms. Bed bugs are not resistant to this active ingredient, which prevents the
production of adenosine triphosphate (ATP), a compound that provides energy for almost
all bodily functions (Raven et al. 2014). Chlorfenapyr does not increase bed bug
movement like pyrethroids (Romero et al. 2010), but is relatively slow-acting.
Non-mechanical control methods are an integral part of any bed bug control
program. Mechanical removal of bed bugs is a favored method by pest management
professionals (Lehnert et al. 2012). Removal of clutter and thus elimination of potential
harborages can help expose bed bugs in an infestation (Pinto et al. 2007). Steam and cold
treatments also are used and can be effective if performed correctly. Items able to
withstand high temperatures, such as clothes, curtains, and stuffed animals, can be
laundered in the dryer for 30 minutes to kill all stages of bed bugs (Naylor and Boase
2010).
Heat is the most effective nonchemical control method and has been used in the
bed bug battle for centuries (Potter et al. 2010b, Pinto et al. 2007). Many heating methods
exist, including heating the entire house (Getty et al. 2008), an entire room (Potter et al.
2010b), or a compartment that is filled with items to be treated (Pereira et al. 2009).
Temperatures of ~57° C are usually maintained for at least 6 hours (Getty et al. 2008,
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Potter et al. 2008). However, mortality does occur at temperatures as low as 43° C as
long as exposure time is increased (Pereira et al 2009). Many companies will apply
chemical treatments before or after a heat treatment. Removing infested items and
placing them in the sun will most likely not eliminate infestations, even if items are
wrapped in black plastic. The sun will heat only one side of the object, and the bed bugs
will move to the colder pockets (Doggett et al. 2006).
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CHAPTER TWO
ASSESSMENT OF BED BUG PREVALENCE, CONTROL STRATEGIES, AND
CHALLENGES FACING URBAN PEST MANAGEMENT PROFESSIONALS IN
SOUTH CAROLINA

The bed bug, Cimex lectularius L., has been associated with humans for the past
3500 years (Panagiotakopulu and Buckland 1999). The mid-1940s ushered in a reprieve
from bed bugs in developed nations (Pinto et al. 2007) that ended in the 1990s (Boase
2001). Today, bed bugs are well established across the world (Potter et al. 2010a). In the
United States, bed bug infestations have been documented in all 50 states, with most
reports coming from cities with high populations and turnover of people (Gilbert 2010).
South Carolina specifically, however, has never been assessed for bed bugs.
Bed bugs were reported as the number one pest problem in the United States by
urban pest management professionals surveyed in 2010; 99% encountered a bed bug
infestation in 2010 and have found them in typical locations such as houses and hotels, as
well as atypical locations such as daycare centers, movie theaters, and public
transportation (Potter et al. 2010a). Bed bugs’ cryptic nature, the variety of dwellings in
which bed bugs can occur (Usinger 1966), and their resistance to pesticides (Romero et
al. 2007) have made control of this pest difficult. Fumigation and temperatures greater
than 45 °C, or 113 °F, effectively eliminate infestations (Pereira et al. 2009, Pinto et al.
2007), but may not be economically suitable for all infestations. Temperatures of -80 °C
also kill bed bugs (Drain 2010), but experimental evidence on the efficacy of this
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treatment method is lacking. Because an integrated approach to battling bed bug
infestations is usually necessary (Pinto et al. 2007, Potter 2010), the varying severity of
infestations can lead to many problems for urban pest management professionals.
The objective of this research was to survey South Carolina urban pest
management professionals about 1) the importance of bed bugs as a pest, 2) the
prevalence of bed bug infestations, 3) the most commonly infested dwellings, 4) the most
common treatment strategies, and 5) the most common obstacles when dealing with bed
bug treatments. I hypothesized that bed bugs are widely distributed in South Carolina, but
their importance is limited to urban areas.
Materials and Methods
Survey Preparation, Distribution, and Content. A survey form was prepared to
assess bed bug importance and prevalence, control strategies, and challenges facing urban
pest management professionals in South Carolina. Forms were distributed at the South
Carolina Pest Control Association (SCPCA) annual meeting in January 2011. They were
targeted for registered pest control company managers to prevent duplication of
submissions from pest management professionals of the same company in a region, and
thus create a better view of the state as a whole. Therefore a company with multiple
branches in a region may have completed multiple surveys, one per branch manager. In
total, five questions were asked of each participant (Figure 2.1). The companies that
opted not to treat bed bug infestations, or have not yet had to treat a bed bug infestation,
still ranked pests according to importance. Therefore, the sample size for question one
was larger than that for the following questions.

23

1. Please rank the following pests in order of importance, based on the number of treatments performed in 2010 by
your company, for each pest type:
_____ Ants

_____ Stored Product Pests

_____ Bed bugs

_____ Spiders

_____ Cockroaches

_____ Other (please specify)

_____ Termites

_________________

2. Please list all South Carolina cities and counties in which you have performed bed bug treatment.
3. Please rank the dwellings in order of number of bed bug infestation occurrences?
_____ Hotel

_____ Multi family home

_____ Apartment

_____ Other (please specify) ___________________

_____ Single family home
4. Please rank the following treatment strategies in order of relevance to your bed bug treatment protocol.
_____ Heat

_____ Mechanical removal (vacuuming, etc,)

_____ Cold/Freezing

_____ Fumigation

_____ Chemical sprays

_____ Other (please specify) ___________________

5. What are your greatest obstacles/problems concerning bed bug treatments?
6. What kind of bed bug research would benefit your company (eg. behavioral, product efficacy, other)?

Figure 2.1. Bed bug-related survey questions presented to South Carolina pest control
company managers at the South Carolina Pest Control Association meeting in Columbia,
SC in the winter of 2011.
Statistical Analysis. Surveys (n) were ultimately separated according to region
(Upstate, Midlands, or Low Country, Figure 2.2) for comparative statistical analysis.
Data were separated into material from individual questions and questions were analyzed
separately. A nonparametric Kruskal Wallis test (Conover 1999) with a one-way
classification was used to provide a comparison between regions of the ranks given by
the participants to each pest group, dwelling, or treatment strategy. Within a region, data
were analyzed by analysis of variance on ranks after they were ordered, with the ordered
ranks computed in a rater, to allow for comparing rankings for responses across raters.
Means of ranks were separated according to t-tests with LSD (Conover 1999). All tests
were performed using SAS version 9.2 (SAS Institute, Cary, NC).
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Figure 2.2. Division of South Carolina counties into three regions, Upstate, Midlands,
and Low Country, for comparative statistical analysis of bed bug-related survey questions
which were distributed to South Carolinian pest management professionals in the winter
of 2011. Counties in gray had urban pest management professionals report treatments of
bed bug infestations, while counties in white did not have urban pest management
professionals report treatment of bed bug infestations. Counties in the Upstate are: 1)
Oconee, 2) Pickens, 3) Greenville, 4) Spartanburg, 5) Cherokee, 6) York, 7) Anderson, 8)
Abbeville, 9) McCormick, 10) Greenwood, 11) Laurens, 12) Union, 13) Chester, and 14)
Lancaster. Counties in the midlands are: 1) Edgefield, 2) Saluda, 3) Newberry, 4)
Fairfield, 5) Kershaw, 6) Chesterfield, 7) Aiken, 8) Lexington, 9) Richland, 10) Sumter,
11) Lee, 12) Darlington, 13) Marlboro, 14) Barnwell, 15) Allendale, 16) Bamberg, 17)
Orangeburg, 18) Calhoun, 19) Clarendon, 20) Florence, 21) Dillon, 22) Marion, 23)
Horry, 24) Williamsburg, and 25) Georgetown. Counties in the low country are: 1)
Hampton, 2) Colleton, 3) Dorchester, 4) Berkeley, 5) Jasper, 6) Beaufort, and 7)
Charleston.
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Results
Of the 100 surveys that were distributed at the 2011 SCPCA annual meeting to
registered managers, 40 were returned. In the Upstate (n = 7), ants were significantly
ranked as the most important pest (F = 10.45, df =12, 48, P < 0.0001, Table 2.1), with
bed bugs and stored product pests considered the least important. Ants were significantly
ranked most important in the Midlands (n = 17), closely followed by cockroaches and
termites (F = 9.77, df = 21, 118, P < 0.0001). In the Low Country (n = 14), ants,
cockroaches, and termites statistically shared the rank as most important pest (F = 8.71,
df = 19, 97, P < 0.0001). Pest group ranks were not significantly different across each
region except for ants (F = 5.08, df = 2, 35, P = 0.0116). Pest write-ins of the ‘other’
category included rodents, mice, moles, fleas, dust mites, earwigs, pillbugs, mosquitoes,
centipedes, and bees.
Only one respondent ranked bed bugs as the primary pest problem; this company
performs bed bug treatments in Richland, Lexington, and Kershaw counties, which
include Columbia, the state capitol of South Carolina. One respondent ranked bed bugs as
the second most important pest problem; this company performs bed bug treatments in
Horry and Georgetown counties, which are along the coast of South Carolina and contain
the tourist city Myrtle Beach. One respondent ranked bed bugs as the third most
important pest problem; this company performs bed bug treatments in Charleston County,
another coastal county. Bed bugs had a ranking of fourth through seventh on all other
surveys.
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South Carolina counties (Figure 2.1) and cities (Table 2.2) in which bed bug
treatments were performed included 28 of the state’s 46 counties and almost all major
cities. Infestation location occurrences were not significantly different (Table 2.3) in the
Upstate (n = 7, F = 0.94, df = 9, 27, P = 0.5146), Midlands (n = 15, F = 0.51, df = 17, 59,
P =0.9311) or the Low Country (n = 12, F = 0.16, df = 14, 47, P = 0.9997). Infestation
location occurrences were not significantly different across regions. Write-ins included
trailers, schools, hospitals, college dorms, and beachfront rental properties.
The most relevant bed bug treatment strategies for companies in the Upstate (n =
7) were chemicals and mechanical removal of bed bugs (F = 5.00, df = 10, 34, P =
0.0006, Table 2.4). This was the same for the Low Country (n = 12, F = 6.11, df = 15, 59,
P < 0.0001), but chemicals were the sole most significant treatment strategy in the
Table 2.1. Pest management professional ranking (mean ± standard .. deviation) of each
pest based on the overall number of bed bug treatments the survey participant performed
in South Carolina in the year 2010, with lower numbers meaning higher importance.
Pest

Upstate

Midlands

Low Country

Ants*

1.00 ± 0.00a

1.76 ± 0.83a

2.36 ± 1.22a

Termites

2.57 ± 0.79b

3.06 ± 1.39bc

2.29 ± 0.91a

Cockroaches

2.86 ± 0.69b

2.24 ± 1.15ab

2.00 ± 1.11a

Spiders

4.29 ± 1.25c

3.88 ± 1.11c

4.21 ± 1.25b

Bed Bugs

5.71 ± 1.11d

4.88 ± 1.36d

5.14 ± 1.46bc

Other

5.71 ± 1.70d

6.59 ± 0.71e

6.14 ± 1.35d

Stored Product Pests

5.86 ± 0.69d

5.59 ± 1.42d

5.86 ± 0.77cd

Means within a column followed by different letters are significantly different (P < 0.05).
* Signifies significant differences across regions.
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Midlands (n = 15, F = 2.11, df = 18, 74, P = 0.0172). Cold, heat, and fumigation were
never ranked in the top two treatment strategies. Write-ins included inspection, de-clutter,
and discarding of furniture from dwellings.

Table 2.2. South Carolina counties and cities in which the performances of bed bug
treatments in the year 2010 were reported by pest management professionals surveyed at
the South Carolina Pest Control Association annual meeting.
County
Aiken
Anderson
Beaufort
Berkeley
Charleston
Chesterfield
Colleton
Darlington
Dillon
Dorchester
Florence
Georgetown
Greenville
Greenwood
Hampton
Horry
Jasper
Kershaw
Lexington
Marion
Marlboro
Newberry
Oconee
Orangeburg
Pickens
Richland
Saluda
Spartanburg
York

Cities
Aiken, North Augusta
Anderson, Pendleton
Bluffton, Hilton Head Island
Goose Creek
Charleston, Chas, Isle of Palms, West Ashley
Cheraw
Society Hill
Summerville
Florence, Scranton
Greenville, Greer, Mauldin, Simpsonville
Conway, Myrtle Beach, North Myrtle Beach, Surfside Beach
Ridgeland
Camden
Chapin, Gastron, Irmo
Bennetsville, Blenheim, Clio, McColl, Wallace
Whitmire
Seneca
Clemson
Blythewood, Columbia
Spartanburg
-
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Table 2.3. Pest management professional ranking (mean ± standard deviation) of each
dwelling based on the number of bed bug infestation occurrences in South Carolina in the
year 2010, with lower numbers meaning higher importance.
Dwelling type

Upstate

Midlands

Low Country

Single-family Housing

1.57 ± 1.13

2.53 ± 1.34

2.96 ± 1.48

Apartment

3.00 ± 1.12

2.13 ± 1.17

2.33 ± 1.07

Hotel

3.14 ± 1.18

2.77 ± 1.16

2.67 ± 1.37

Multi-family Housing

3.14 ± 0.85

3.27 ± 0.80

2.46 ± 0.99

No significant differences between or across regions (P > 0.05; t-test LSD; SAS
Institute).
Table 2.4. South Carolina pest management professional ranking (mean ± standard
deviation) of each treatment strategy based on relevance to bed bug treatment protocols
in South Carolina in the year 2010, with lower numbers meaning higher importance.
Treatment Strategy

Upstate

Midlands

Low Country

Chemical

1.43 ± 0.79a

1.87 ± 1.41a

1.79 ± 1.08a

Mechanical

2.29 ± 1.25a

2.87 ± 1.25b

2.17 ± 0.94a

Heat

3.43 ± 0.98b

3.5 ± 1.43 b

4.13 ± 1.00b

Fumigation

4.29 ± 0.76b

3.83 ± 1.10bc

4.17 ± 1.17b

Cold

4.43 ± 0.53b

4.53 ± 0.93c

4.50 ± 0.48b

Means within a column followed by different letters are significantly different (P < 0.05)

Participants listed many different obstacles concerning bed bug treatments.
Customer cooperation with pest control pre-treatment needs (i.e., cleaning, de-cluttering)
was the most common issue companies identified, followed by customer resistance to
price and the labor-intensive nature of bed bug treatments. Other problems included
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media influence, liability, failed chemical treatments, and costly treatment alternatives
(i.e., heat, fumigation).
Discussion
According to participating pest control companies in South Carolina, bed bugs
were not ranked as a top pest problem. This is surprising, as 20% of surveyed urban pest
management professionals in a nationwide survey reported to have performed more than
100 bed bug jobs in 2009, with 7% having performed more than 500 (Potter et al. 2010a).
As a state, South Carolina only holds about 1.5% of the nation’s population (United
States Census Bureau 2010). However, the three company managers that listed bed bugs
as one of their top three pest problems performed treatments in Richland, Lexington,
Kershaw, Horry, Georgetown, and Charleston counties. These counties, containing about
30% of South Carolina’s population (United States Census Bureau 2010), hold the capitol
city Columbia, which has a high turnover of business-related people, and Myrtle Beach
and Charleston, which are tourist destinations and thus also have a high turnover of
people. Bed bugs are not seen as a major pest problem overall in South Carolina, but 28
out of 46 counties (Figure 2.2) have reported bed bug infestations, indicating that bed
bugs are widespread in the state. The 19 counties that did not report bed bugs contain
about 19% of the state’s population (United States Census Bureau 2010). Bed bugs might
not become a serious problem in these counties, of which a majority are rural. However,
there are few data on the effect of bed bugs in rural areas, as the media and academic
studies tend to focus on the highly-affected urban areas.
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Most infestations were reported in apartments and single family houses in all
regions, although there is no statistical significance to this trend. Eighty-nine percent of
the national survey participants found bed bugs in apartments, and 88% found bed bugs
in single family homes (Potter et al. 2010a). Although the majority of counties where bed
bug infestations have been reported are areas where there is a constant influx and outflow
of people, bed bug infestations were not more widely-reported in hotels. Hotels might not
be aware of bed bug infestations, might not be approaching pest control companies to
eliminate bed bug problems, or might not be facing a bed bug issue. The last possibility
seems the most unlikely due to the dispersal habits of female bed bugs (Pfiester et al.
2009), and multiple South Carolina hotels are listed on the bed bug registry (Ceglowski
2011). However, anyone can report bed bugs to this website. Hotels likely have secrecy
contracts with pest management businesses, as having bed bugs can carry with it a
negative stigma (Usinger 1966) and cause companies to lose business.
Chemical sprays were consistently ranked as the top treatment strategy across
South Carolina. Although bed bug resistance to pesticides exists (Romero et al. 2007),
many companies use chemical sprays as a main treatment strategy. Mechanical removal
can be a useful supplement to chemicals and aid in reducing populations, but will not
eliminate a population on its own. Eggs are attached to surfaces with a sticky adhesive
that acts as cement when it dries (Usinger 1966). This adhesive can prevent vacuums
from removing all eggs. Also, the variety of locations that bed bugs and their eggs can
exist in an infestation would make it difficult to mechanically remove every last one
(Usinger 1966, Pinto et al. 2007).
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Heat, steam, or a combination of the two can be an effective tool if used properly
(Pereira et al. 2009), but were not ranked as a top control strategy in any region. Many
participants wrote that they are unable to purchase the necessary equipment to use heat
because they do not perform enough bed bug treatments to gain back their investment.
Heat might not be a popular treatment strategy in South Carolina until bed bugs become a
pest of higher significance and more common.
As identified by this survey, the main problem pest control companies have while
dealing with bed bug treatments is educating the customer to comply with company
requirements. The National Pest Management Association recently released a guide to
‘Best management practices for bed bugs’ (NPMA 2011). It states that “a pest
management firm should clearly delineate the preparations that the customer must make
and the preparations that the pest management firm will perform” (NPMA 2011). For
example, some college housing departments have manuals for treatment of bed bug
infestations. Included is a detailed checklist of what is expected of the affected party and
that failure to comply with the checklist will result in a delay of bed bug treatments
(Pereira et al. 2008). Once again, the variety of harborages in which bed bugs can live is a
crucial point that must be relayed to customers, which is why it is essential that customers
clean and de-clutter dwellings before treatments can be performed. Because of the
integrated nature of bed bug treatments, the protocol that return visits are necessary, and
the high cost of alternative treatment equipment, bed bug treatments may be
economically high in cost, which can lead to resistance from the customer. Three points
that might influence a customer’s perspective are understanding the difficulty of treating
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this insect, understanding that many chemicals do not kill the egg stage so repeat visits
are necessary, and realization that the amount of labor invested in a thorough bed bug
treatment is high (Walker et al. 2008). A list distinguishing when a procedure will be
performed, why it is necessary, and the cost of that procedure could be helpful
information for a customer and lessen their resistance to price. Bed bug insecticide
resistance was not listed as a main problem encountered by pest management
professionals, suggesting that resistance issues might be overcome if customers comply
with company policy during treatment of bed bug infestations.
This survey was intended to gather information about the nature of bed bugs in
South Carolina, but only 40 pest control managers participated. The anonymity of the
survey obscures how many different companies participated; the information, therefore,
might be weighted toward larger companies with many managers or branches, especially
because this survey was distributed at a conference with a registration fee. Smaller
companies may not have been able to send as many managers as larger companies. These
data provide a baseline of bed bug information for South Carolina, and provide
information that can be used to educate and bring awareness to South Carolina residents
and urban pest management professionals.
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CHAPTER THREE
POPULATION ECOLOGY AND DEMOGRAPHICS OF BED BUG
AGGREGATIONS COLLECTED FROM FIELD POPULATIONS

The bed bug, Cimex lectularius L., is an obligate blood-feeding insect pest of
humans (Usinger 1966). Bed bugs can establish infestations almost any place where
humans occur, such as hotels, single- and multi-family houses, subways, hospitals,
nursing homes, and moving trucks (Usinger 1966, Potter et al. 2007, Potter 2008).
Although 99% of surveyed pest management professionals (PMPs) reported encountering
a bed bug infestation over the past year (Potter et al. 2013), relatively little is known
about the population ecology of this pest, especially in natural infestations (Reinhardt and
Siva-Jothy 2007).
Within an infestation, bed bugs cluster into groups called aggregations that consist
of members of all life-stages, feeding statuses and mating statuses (Usinger 1966). Bed
bug aggregations are mechanically mediated by their positive thigmotactic nature
(Abdoul-Nasr and Erakey 1968), and chemically mediated by both contact (Siljander et
al. 2007) and airborne aggregation pheromones (Siljander et al. 2008). Although
aggregations are an important part of bed bug ecology, little is known about the actual
structure and composition of aggregations, and whether the demographics of
aggregations fluctuate from one aggregation to the next.
The purpose of this study was to collect solitary bed bugs (i.e., bed bugs found
away from aggregations) and entire aggregations from populations to determine their
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demographics, such as life-stages, feeding statuses, and mating statuses. I hypothesized
that population samples will have characteristics consistent with those already
documented, but individual aggregations will be sex- or life-stage biased, and thus
population composition will not reflect the composition of individual aggregations. I also
hypothesized that females will be found alone, away from aggregations, more often than
any other life stage, as has been previously observed (Silander et al. 2008), and that
female solitary occurrence is positively correlated with having recently fed and/or mated.
Materials and Methods
Study sites. Individual aggregations and solitary bed bugs were collected from
four infestations in section 8 housing in New York City, New York, in July of 2012.
Populations one and two were collected from a facility of townhouses that did not have
interconnected hallways but outdoor entrances from one unit to the next. Population one
contained a moderate amount of bed bugs and was found in a three-bedroom end unit in a
multi-unit facility. None of the bedrooms had carpet, and the bedrooms were located in
an upstairs area. The second population was a light infestation and was collected in a
carpeted three-bedroom end unit in the same complex but different building, similar to
the unit in which population one was collected. The third and fourth populations were
found in one-bedroom, single-story, middle units of a different complex, which had
internal hallways connecting one unit to the next. The two units were located on different
floors on top of one another, both had carpeted rooms, and both had heavy infestations.
Aggregation collection and measurements. To collect an aggregation, a kneehigh stocking was secured to the attachment of an Atrix HEPA backpack vacuum cleaner
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with a rubber band, creating a pocket that caught the bed bugs that were sucked up by the
vacuum. When an aggregation was collected, the pantyhose was removed, tied off and
placed inside a sealable bag, after which a new knee-high could be attached to the
vacuum; this allowed for the collection of entire aggregations quickly, and kept the
aggregations separate until aggregation demographics could be assessed. The sealable
bags contained acetone-laced cotton balls, which ensured bed bug mortality and
prevented bed bugs from further digesting their blood meals. Any bed bug found alone,
outside of aggregations, was collected with forceps and placed in a vial with alcohol. If
multiple aggregations were collected from a single infested dwelling, the distance
between collected aggregations was measured. However, this was not possible in every
infestation due to tenant cooperation.
After all visually-located bed bugs were collected, the life-stage of each
individual was determined. Each individual was categorized as male, female, instar 1-3,
instar 4-5, or egg. Eggs were categorized as either hatched or unhatched. All bed bugs
were categorized as either fed or unfed. A bed bug was defined as fed if the expanded
intersegmental membrane of the abdominal segments exposed the area of the tergites
without sensilla, indicating abdominal stretching from engorgement. The number of bed
bugs collected and the percent fed and unfed in each infestation, on each piece of
furniture, and in each aggregation was recorded. Two adult male bed bugs, five eggs, and
five nymphs collected from the units were vouchered in the Clemson University
Arthropod Collection in June of 2013.
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All females were examined and, if engorged, characterized as inseminated or noninseminated, as sperm is externally visible if present in engorged females due to the red
and white color contrast (Usinger 1966). After sperm characterization, the
ectospermaleges were removed with scissors (n=48), cleared in lactic acid (Bioquip,
Rancho Dominguez, CA), slide-mounted with a 1:1 Euparal® and clove oil medium
mixture, and left to dry for three weeks on a slide-warmer. Once slides were dry,
ectospermaleges were viewed and photographed under an Olympus IX81 spinning disk
laser confocal microscope (Center Valley, PA) with the DIC-eyes visual objective at 20x
magnification. Individual matings were counted, which were represented by melanized
scars visible in the ectospermalege.
Data analysis. Data were combined at all locations and means and standard errors
were calculated that included the number of bed bugs, number of each life-stage,
percentage of each life-stage, percentage of fed bed bugs, percentage fed at each lifestage, the number of eggs, and the percentage of hatched eggs within aggregations, as
well as the distance between aggregations. Data were then separated by population, and
then by furniture from which aggregations were collected within a population, to allow
for examination of the data at multiple levels. Percentages were arcsine square-root
transformed, and data were evaluated by location with analysis of variance, with means
separated by Least Squares Means. Also, every female collected was characterized by
location, total population sampled, total number of bed bugs in the aggregation collected
(or designated as a solitary female if collected away from aggregations), furniture from
which it was collected, feeding status, number of mating scars, and whether scars
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occurred outside of the ectospermalege. Female data were plotted to reveal any
correlations between variables, which were then evaluated by linear regression analysis.
Results and Discussion
In total, 18 lone bed bugs and 23 aggregations were collected. Aggregations
averaged ~35 eggs (both hatched and unhatched) and ~41 individuals (nymphs and
adults, Table 3.1). The population size of an infestation is positively correlated with
population age, and infestations can contain thousands of members (Reinhardt and SivaJothy 2007, Reinhardt et al. 2010). A low proportion of adults and the occurrence of
nymph-only aggregations suggest that some of the populations sampled were relatively
young. Adults had an equal sex ratio, and occurred in aggregations at an average
proportion of 15.3%. This overall proportion is lower than the population structure of
previously sampled infestations, which have been documented to consist

Table 3.1. Demographics of bed bugs from all 23 aggregations (mean ± SE) collected
from four populations in New York City, New York, in July of 2012.
Variable
Number of Eggs
Percent Hatched Eggs
Number of Malesa
Percent Fed Males
Number of Femalesa
Percent Fed Females
Number of Early Instars
Percent Fed Early Instars
Number of Late Instars
Percent Fed Late Instars
Total Number of Bed Bugs and Eggs
Total Number of Bed Bugs
Total Percent of Fed Bed Bugs
Distance To Closest Aggregation (cm)

N
19
18
13
13
13
13
23
23
17
17
23
23
23
23

a

Mean ± SE
34.7 ± 7.4
46.9 ± 6.7
3.2 ± 0.6
9.6 ± 4.4
3.1 ± 0.8
72.7 ± 10.5
33.7 ± 9.1
39.8 ± 7.2
5.3 ± 1.4
27.1 ± 7.0
70.0 ± 15.7
41.3 ± 10.6
41.6 ± 6.3
59.6 ± 10.9

A paired Student’s t-test was used to compare the number of males and females
collected but was not significantly different.
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Table 3.2. Demographics of bed bugs (mean ± SE) summarized by the four locations
from where aggregations were collected in July 2012 in New York City, New York. .....
Variablea
Number of aggregations collected
Number of malesb
Percent fed males
Number of femalesb
Percent fed females
Number of early instars
Percent fed early instars
Number of late instars
Percent fed late instars
Number of eggs
Percent hatched eggs
Total number of bed bugs and
eggs
Total number of bed bugs
Total percent of fed bed bugs
Distance to closest aggregation
(cm)

1
9
4.0 ± 2.0
8.3 ± 8.3
2.7± 1.2
45.0 ± 26.3
25.0 ± 15.2
45.5 ± 11.3
3.4 ± 1.2
27.4 ± 12.0
20.1 ± 4.7
35.8 ± 11.0
49.4 ± 22.0

Location
2
3
5
6
3.0 ± 2.0
3.2 ± 0.9
20.0 ± 20.0
12.0 ± 8.0
1.5 ± 0.5
4.8 ± 1.8
100.0 ± 0.0
81.0 ± 13.6
37.2 ± 9.9
52.0 ± 25.1
69.1 ± 17.5
22.1 ± 5.5
0
10.0 ± 3.4
0
25.0 ± 8.5
35.8 ± 22.4
52.0 ± 21.6
64.9 ± 10.6
41.2 ± 9.8
67.6 ± 2.8 101.7 ± 45.4

4
3
2.7 ± 0.7
0.0 ± 0.0
1.7 ± 0.7
77.8 ± 22.2
15.3 ± 9.4
8.8 ± 8.8
3.0 ± 1.0
30.0 ± 15.
49.3 ± 19.2
56.4 ±4.0
72.0 ± 24.5

31.6 ± 17.8
38.7 ± 9.7
84.0 ± 19.0

39.0 ± 11.0
68.4± 7.4
67.3 ± 29.3

22.7 ± 9.5
21.1 ± 2.3
17.8 ± 10.2

67.0 ± 29.2
33.7 ± 7.3
37.5 ± 8.3

a

There were no significant differences between locations for all variables.
A paired Student’s t-test was used to compare the number of males and females
collected at each location, but no significant differences existed.
b

of 22-33% adults (Johnson 1942, Newberry and Jansen 1986, Wang et al. 2010a). About
73% of all females were fed, much higher than males (~40%), late-instar nymphs
(~27%), and early-instar nymphs (~40%). The high percentage of fed females supports
the observation that females feed every 2-3 days (Reinhardt et al. 2010). By feeding
often, females are able to produce eggs at a continuous rate (Usinger 1966).
When data were separated by population (thus location), the numbers of males
and females in a population were not significantly different (Table 3.2). Most sampled
populations found male and female bed bugs at a 1:1 sex ratio (Johnson 1942, Newberry
and Jansen 1986), while one sampled population was female-biased (Reinhardt et al.
2010). Differences between populations did not exist for any of the measured variables.
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However, when data were separated by population and position in a population (i.e.,
piece of furniture from which aggregation was collected), two locations each had one
aggregation that contained females but no males; these aggregations also were found on
furniture in which no males were located (Table 3.3).
Although all bed bugs might not have been collected from each piece of furniture,
females might be dispersing from one piece of furniture to another within an infestation,
laying eggs, and founding new sub-populations. An unbiased sex ratio suggests that
females do not or cannot use harborage to avoid traumatic insemination (Reinhardt and
Siva-Jothy 2007), the mating strategy of bed bugs that can be costly to females if they are
mated with often (Stutt and Siva-Jothy 2001). However, in a laboratory setting, female
bed bugs aggregated with each other, away from males, with aggregation composition
varying with population composition, density of adults, and sex-ratio (Pfiester et al.
2009), parameters that likely fluctuate between aggregations in a single infestation.
Other lab studies determined that females were not dispersing from aggregations
in a population, but these experiments were performed with a linear harborage with one
end close to the host and the harborage moving further from the host (Naylor 2012); the
costs of mating may have been less than the costs of moving away from the host since
feeding status is negatively correlated with distance from the host (Naylor 2012) and
females feed often. In a natural infestation where space is three-dimensional, females
may still be able to move away from male bed bugs while remaining close to the host.
When the composition of the 15 individual aggregations containing adults were
separately viewed, eight aggregations were male-biased, three were female biased, and
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Table 3.3. Demographics of bed bugs (mean ± SE) summarized by population location and individual piece of furniture from
which aggregations were collected July 2012 in New York City, New York in.

a

1
A

2
B

A

A

3
B

4

.
A

4

5

5

1

5

3

0
0
2.0 ± 0
50.0 ± 50.0
6.8 ± 5.9
68.8 ± 39.0
2.3 ± 1.3
50.0 ± 20.4
13.7 ± 3.9
32.6 ± 20.1
20.5 ± 8.5

2.4 ± 6.8
37.0 ± 14.5
5.0 ± 3
12.5 ± 12.5
3.0 ± 2.0
40.0 ± 40.0
41.0 ± 26.4
27.1 ± 6.5
4.4 ± 2.2
9.2 ± 9.2
72.6 ± 37.3

3.0 ± 2.0
20.0 ± 20.0
1.5 ± 0.5
100.0 ± 0.0
37.2 ± 9.9
69.1 ± 17.5
0
0
35.8 ± 22.4
64.9 ± 10.6
67.6 ± 2.8

0
0
2.0 ± 0.0
100.0 ± 0.0
1.0 ± 0.0
0.0 ± 0.0
0
0
0
0
3.0 ± 0.0

3.2 ± 0.9
12.0 ± 8.0
5.5 ± 2.1
76.3 ± 16.5
62.2 ± 281
26.6 ± 4.0
10.0 ± 3.4
25.0 ± 8.5
52.0 ± 21.6
41.2 ± 19.8
121.4 ± 50.0

2.7 ± 0.7
0.0 ± 0.0
1.7 ± 0.7
77.8 ± 22.2
15.3 ± 9.4
8.8 ± 8.8
3.0 ± 1.0
30.0 ± 15.
49.3 ± 19.2
56.4 ±4.0
72.0 ± 24.5

10.3 ± 4.5
60.0 ± 16.5
128.6 ± 29.1

48.6 ± 31.0
22.1 ± 4.6
48.3 ± 8.5

39.0 ± 11.0
68.4± 7.4
67.3 ± 29.3

3.0 ± 0.0
66.7 ± 0.0
0

79.8 ± 32.1
27.1 ± 3.8
40.9 ± 9.2

22.7 ± 9.5
21.1 ± 2.3
17.8 ± 10.2

The different pieces of furniture in each location from which bed bugs were collected; locations 1 and 3 had two pieces of
furniture (A and B) from which aggregations were collected while locations 2 and 4 each had one piece of furniture (A) from
which aggregations were collected.
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Location
Variable
Furniture on which
aggregations collecteda
Number of aggregations
Collected
Number of males
Percent fed males
Number of females
Percent fed females
Number of early instars
Percent fed early instars
Number of late instars
Percent fed late instars
Number of eggs
Percent hatched eggs
Total number of bed bugs
and eggs
Total number of bed bugs
Total percent of fed bed bugs
Distance to closest aggregation
(cm)

two contained the same number of males and females (all of which contained more
nymphs than adults except for one of the female-biased aggregations). The female-biased
aggregations were disproportionately so, with an 8:1 and 10:4 female to male ratio in two
of them; these two aggregations contained about half of the total number of females
found in all of the sampled populations.
The individual females found on location furniture 1A (on which no males
occurred) displayed the most melanized mating scars, and also had scars that occurred
just outside of the ectospermalege boundary (18 and 2, 12 and 1, respectively; Figure
3.1); these females were collected from the aggregation with the greatest distance to
another aggregation (151.13 cm). In females with a high number of mating scars, the
melanization might block the male’s ability to penetrate the ectospermalege, forcing
penetration to occur outside of the ectospermalege (Figure 3.1B). A fitness loss in
females has been documented with mating occurring outside of the ectospermalege,

A

B

Figure 3.1. Mating scars in female ectospermaleges, defined by the darkened, melanized
areas. An average amount of scarring in females (A), and an ectospermalege from a
female aggregated without males (B). The asterisk represents a mating scar that occurred
outside of the ectospermalege. Images were taken with an Olympus IX-81spinning disk
laser confocal at 20x magnification.
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which likely occurs because the structure internally located to the ectospermalege, called
the mesospermalege, contains immune cells that attack pathogens introduced from male
genitalia during mating (Reinhardt et al. 2003, Reinhardt et al. 2005).
A positive correlation was found between the number of females in an
aggregation and the total number of bed bugs in an aggregation (df = 1, 11; F = 17.52; P
= 0.0015), which might be because the higher the number of females, the more eggs that
are being laid. However it might also be that females prefer to be in larger aggregations.
When a bed bug leaves an aggregation to feed, whether that individual returns to its
original aggregation is unclear. Females are often leaving aggregations to feed, and if
they are not returning to the aggregations from which they came, they might seek larger
aggregations.
Aggregating provides a fitness benefit to the individuals involved by enabling
them to retain and conserve water (Benoit et al. 2007). Female bed bugs are the largest
life-stage (Usinger 1966), take in the largest blood-meals (Pereira et al. 2013), and feed
the most often; therefore nymphs might prefer to aggregate where more females are
located, especially if the nymphs are unfed and have less water. Behavioral ecology
models of optimal group size assume group sizes favor maximum fitness (Wrangham
1980). Group sizes will increase until a threshold is reached in which the sum of the costs
to individuals in the group is more than the sum of the benefits for joining individuals, at
which point the group will split (Ryan and Wilczynski 2011). Most members of
Cimicidae may not have an upper threshold of aggregation size. Aggregations consisting
of thousands of individuals of Afrocimex sp. have been found in a bat cave in Kenya
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(Figure 3.2), and the largest aggregation collected in this study contained 196 bed bugs,
supporting the hypothesis that occurring in aggregations is beneficial, at least from a
microhabitat perspective, without any real detrimental effects. However, bed bug
aggregation size in a population is likely regulated by other factors, such as reproduction
or predation, because the species C. lectularius has separate aggregations in a continuous
space as opposed to one continuous aggregation (Naylor 2012).
Of the solitary individuals collected, both male and female bed bugs occurred fed
and unfed at almost an equal proportion (Table 3.4). All of the fifth-instar bed bugs
collected were fed, and half of the 1-3-instar bed bugs were fed. Whether fed bed bugs
are returning to aggregations after a blood meal, or if unfed bed bugs are leaving in
search of food cannot be determined. Females were solitary at about the same rate as

Figure 3.2. Photograph depicting thousands of bat bugs, Afrocimex sp., in almost a single,
continuous aggregation, in a cave in Kenya. Photograph courtesy Richard Naylor.
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Table 3.4 Demographics of solitary bed bugs summarized by the four populations from
which bed bugs were collected in July of 2012 in New York City, New York.
Location
1

Total Bed Bugs
Collected
7

2

5

3

4

4

2

a

Life-Stage
Female
Female
Male
Male
Male
Male
1-3 Instar
Female
Female
Male
5th Instar
1-3 Instar
Female
Female
5th Instar
5th Instar
Female
Male

Feeding
Statusa
UF
UF
UF
UF
F
F
UF
UF
F
UF
F
F
UF
F
F
F
F
F

UF = unfed while F = fed

males, but both adult stages were solitary more often than the nymphal life-stages.At two
locations, more solitary females were found than solitary males. Because females are
likely leaving aggregations most often, males may eventually leave in search of mates;
unengorged males are better able to mate with females, for fully-engorged males cannot
bend their abdomen in the position necessary for mating (M. Lehnert, personal
observation). Based on the parameters measured, such as feeding status, the number of
mating scars, and the occurrence of sperm, female bed bugs could not be correctly
predicted as alone or aggregated. Although a pattern could not be found to describe the
occurrence of solitary females, other factors might be important and should be explored
further.
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My findings suggest that females in field infestations might avoid males by
aggregating with other females and nymphs, as in laboratory studies (Naylor 2012,
Pfiester et al. 2009), or even by aggregating with males that have not recently fed, as
mating occurs in the first 36 hours after feeding (Stutt and Siva-Jothy 2001). Also,
because females seem to feed more often than males or nymphs, they are probably
frequently leaving aggregations. The movement of bed bugs into and out of aggregations
is poorly understood, but female movement likely leads to dynamic, temporallyfluctuating aggregation composition. Therefore, some females might be able to use
harborages to hide from males and thus avoid unnecessary traumatic insemination. The
high proportion of nymphs in almost every aggregation might allow females to hide from
males more easily, especially because nymphs can release an alarm pheromone that
deters males from attempting to mate with them (Harraca 2010). If nymphs in an
aggregation are releasing a sex pheromone, and females are located within the
aggregations, the chemical signal may deter males from mating with not only nymphs,
but females as well.
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CHAPTER FOUR
ABILITY OF MATED FEMALE BED BUGS TO CHEMICALLY DETER MALES
FROM REMATING
Tracking the active movement of the common bed bug, Cimex lectularius L., in a
multiunit dwelling is difficult. Bed bugs actively disperse from a heavily infested unit
into nearby units; researchers have watched the bugs move out the front door and walk
down the hallway to rooms adjacent to the infested unit or across the hall (Wang et al.
2010a). Genetic analysis has demonstrated that the infestation can originate from a single
introduction event when multiple units in a building are infested (Booth et al. 2012). Bed
bugs do not mate before reaching the adult stage (Usinger 1966); to found an infestation,
dispersing nymphs not only would have to find a new host, but dispersing nymphs also
would have to find more bed bugs to found an infestation. Therefore, examining the
possible mechanisms of adult active dispersal is crucial because adults can constitute
22% of all dispersing bed bugs (Wang et al. 2010a).
The mating strategy of bed bugs is a well-studied model for sexual conflict, which
occurs when selection pressures strengthen each sex’s own reproductive fitness strategy,
regardless of the effect on the opposite sex (Arnqvist and Rowe 2005). Bed bug mating is
termed traumatic insemination, in which the male’s sharp genitalia is used to pierce the
abdominal cuticle of the female, and sperm is injected into her hemocoel, outside the
reproductive tract. Traumatic insemination causes a physical wound to females, and
melanized scars can be seen where mating has occurred (Carayon 1966). Females only
need to mate once every four to six weeks because they can maintain sperm for that
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amount of time; however, males will mate 20-30 times within that same time period
(Stutt and Siva-Jothy 2001). Exposing females to the male mating rate of five matings per
week reduced female life span by 25%, compared to females that mated only once every
four weeks (Stutt and Siva-Jothy 2001). Also, multiple matings lead to increased water
loss in females (Benoit et al. 2012). Therefore, repeated physical wounding during
mating attempts requires energy for healing, and avoiding nonessential matings would
likely be beneficial for females.
When approached by a male bed bug, a female can express a ‘refusal posture’ by
flexing her abdomen toward the substrate, away from males, thus preventing copulation
(Siva-Jothy 2006). However, males bypass this strategy by mating with fully engorged
females that cannot perform this behavior (Reinhardt et al. 2009a). After feeding, bed
bugs hide in cracks and crevices for days to digest their meal (Usinger 1966). Therefore,
engorged females might display other male-avoidance behaviors; otherwise they would
be continually mated while digesting their meal, which could expose them to enough
traumatic inseminations to shorten their lifespan.
Chemical ecology is an important aspect of bed bug life functions, including
aggregations, defense, and mating behaviors, and has become a focus of research (see
review Weeks et al. 2011). Bed bugs harbor in aggregations consisting of all feeding
statuses (fully engorged to unfed), mating statuses (Johnson 1942, Reinhardt and SivaJothy 2007), and life-stages (adult, immature, egg); much of their lives are spent in these
aggregations (Usinger 1966). Contact pheromones emitted by immature and male bed
bugs result in arrestment of motion and the aggregation of all life-stages, but the
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compounds have not been identified (Siljander et al. 2007). An airborne pheromone also
is involved in aggregation, with (E)-2-hexenal, (E)-2-octenal representing the largest
concentration of the 10-compound mixture (Siljander et al. 2008).
The bed bug’s main defense strategy is releasing an alarm pheromone, a
compound that also contains (E)-2-hexenal and (E)-2-octenal but at a higher level, which
disperses all life-stages (Levinson et al. 1974). The amount of the compounds released
affects interpretation by bed bugs, which is how the same compounds can be involved in
different pheromones (Weeks et al. 2011). Furthermore, several studies have determined
that the same two chemical compounds also play a role in bed bug mating behavior. Male
bed bugs are attracted to the shape of an engorged bed bug (Reinhardt et al. 2009a), and
the sex of the individual is not determined until after mounting, causing males to
sometimes mount other males and even pierce the cuticle and inject sperm (Ryne 2009).
Male (Ryne 2009) and nymphal bed bugs (Harraca et al. 2010) release alarm pheromone
when mounted by mate-searching males, which deters males from mating with nonfemale bed bugs.
Females have not been shown to release alarm pheromone when mounted by
males, but only virgin females were tested (Ryne 2009). Because mating is necessary for
female bed bugs to lay eggs, natural selection would not favor a strategy in which virgin
females prevent mating. However, mated females might also release alarm pheromone
to prevent detrimental multiple inseminations over time. Previous lab studies have
demonstrated that females will avoid aggregating with males and aggregate with each
other (Pfiester et al. 2009), possibly in avoidance of traumatic insemination. My objective
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was to determine if mated females can deter males from performing unnecessary matings,
which are detrimental to females. I hypothesized that once-mated females with exposed
scent glands would not allow mating as quickly as once-mated females that had their
scent glands covered, preventing compound release.
Materials and Methods
Bed Bugs. Bed bugs (New Jersey strain, North Carolina State University) were
maintained in 240-ml wide-mouth glass jars (Ball Collection, Jarden Home Brands,
Muncie, IN) with folded rectangles of manila folder (9 cm x 6 cm) as harborage. Bed
bugs were fed weekly on defibrinated rabbit blood (Hemostat Laboratories, Dixon, CA)
using an artificial, water-circulated rearing system. Insects were held on a 12:12 reversed
L:D cycle in a Hotpack environmental chamber at 27 °C and 40-50 % RH.
Fifth-instar nymphs were collected after feeding and placed individually in
cylindrical plastic vials (1 dram, Toolcraft, Bayswater, Australia) to prevent mating once
they molted into adults. Manilla folder was used as harborage in the vials, and mesh
screen (Small Parts Inc., Seattle, WA) was secured to the mouth of the vials with rubber
bands to allow surface area for feeding. Fifth-instars were fed to engorgement, and
individuals were sexed after molting. Adult bed bugs were fed to engorgement after
sclerotization had occurred and before use in the experiment, about 5 d after molting.
Arena set-up and initial female mating. Polystyrene microplates (50 mm dia,
Cole-Parmer, Vernon Hills, IL) were inverted, with filter paper (Whatman #1) fitted into
the microplate lids. After bed bugs had fed, one male and one female bed bug were
removed from their individual vials and placed together on the center of the piece of filter
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paper. Once the bottom of the Petri dish was inverted, time-recording began. The
inversion ensured that bed bugs would not be able to travel underneath the filter paper,
keeping them in view.
Mating behaviors of the couple were observed. The time that occurred before
copulation, the number of antennations between a pair before copulation, and copulation
duration were recorded. The presence of sperm was verified after the initial mating,
which is seen in the mesospermalege of engorged females because the blood creates a
color contrast (Usinger 1966). Only females that had sperm, indicating a successful
mating, were kept for the second mating; if sperm could not be visually verified, both
male and female bed bugs were not used in the assay. A new arena was used for each
new couple.
Treatment of once-mated female scent-glands and second mating. Oncemated females were returned to their individual vials and kept in the environmental
chamber for 1 week. Females were exposed randomly to one of three treatments: either
fingernail polish was placed over the scent-glands on the thorax, fingernail polish was
placed on the dorsal-side of the prothorax as a control, or no fingernail polish was applied
as a control but bed bugs were handled in the same way.
To apply fingernail polish over scent-glands, females were placed ventral-side up
on a piece of Styrofoam and secured underneath a piece of paper held in place with insect
pins. Clear fingernail polish was applied over the scent-glands similarly to previous
studies (Ryne 2009, Harraca et al. 2010). Control females were manipulated in the same
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way except placed dorsal-side up and a similar amount of polish was placed on the
prothorax. The control underwent the same process but no fingernail polish was applied.
After once-mated females had been treated, they were fed to engorgement. A
once-mated, treated female was randomly chosen and placed with a fed virgin male in an
arena as previously described, and the same measurements were recorded. Each scentgland treatment was replicated six times.
Data analysis. Means and standard errors of behaviors were calculated and
analyzed by analysis of variance, with treatment as the main effect. Levene’s test was
used to determine if treatment variances were homogeneous. Treatment means of fixed
effects were separated using least squares means (P < 0.05, SAS Institute 2013).
Results and Discussion
None of the recorded behaviors were significantly different between treatments
(Table 4.1); therefore there is no evidence to support the hypothesis that mated females
are able to deter males from mating by releasing alarm pheromone. However, some
overall trends existed that might display statistical significance with an increase in sample
size and thus statistical power. More replicates should be performed to draw stronger
conclusions either supporting or falsifying the hypothesis.
The time before copulation increased from the scent-gland covered treatment to
the fingernail polish control, to the mechanical control (Table 4.1), though the trend was
not statistically significant (df = 2, 17; F = 1.80; P = 0.1989). In a field setting, the
release of alarm pheromone might give females enough time to get away. However,
couples were confined to a relatively small space, and mating always occurred eventually
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(n=54/54), but the increase in time before copulation would be expected if females are
releasing pheromone to deter mating. Females with fingernail polish over their scent
glands also had the fewest antennations on average before copulation began (Table 4.1),
possibly meaning ‘less’ information was shared because pheromones were unable to be
released. Less antennations from females unable to release pheromone could also mean
males were smelling pheromone from females in the other treatments, supporting the
hypothesis that females are at least releasing pheromone when they come into contact
with male bed bugs, which may or may not deter mating if the female has recently mated.
Fingernail polish itself might have had an overall effect on bed bug mating behaviors, for
the measurements of behaviors were not similar to those of the mechanical controls as I
would have expected. While this method has been documented as a successful method
(Ryne 2009, Harraca et al. 2010), the authors did not have a fingernail polish control.
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Table 4.1. Effect of fingernail polish and prevention of pheromone release on bed bug mating behaviors during females’
second mating with virgin males (mean ± standard error).
Treatment
Fingernail polish over scent glands
Fingernail polish on prothorax
Mechanical Control

Time before copulation
23.64 ± 20.89a
40.77 ± 20.89a
78.46 ± 20.89a

Number of antennations
1.50 ± 0.84a
2.17 ± 0.98a
2.83 ± 1.83a

Copulation duration
107.03 ± 28.04a
116.09 ± 20.48a
128.76 ± 33.80a

54

Means in a column followed by a different letter are significantly different when analyzed by ANOVA (P=0.05; Least
Standard Means; SAS Institute v. 9.3).

Behaviors were observed that have not been reported in bed bug-mating literature.
Male and female bed bugs communicate by antennation before mating will occur
(n=52/54 observed matings). Current literature suggests males, when coming in contact
with a female, will mount the female upon touching her and begin mating, whether the
initial approach is head-on, side-on, or from the rear (Usinger 1966). In my observations,
the female will run from the male if no initial antennation has occurred before a male
tries to mate, and mating does not occur. Only if an initial antennation occurs first does
mating commence. Therefore, an exchange of information between the male and female
is a crucial mating behavior.
Females that had previously mated were more agitated than virgin females during
mating; mated females walked more quickly during copulation, carrying the males, while
virgin females moved more slowly or stood still during copulation. Tests should be
performed to determine if mated females are still agitated during mating six weeks after
the first mating, when a female’s sperm store is depleted, which would provide insight as
to whether the behavior is in response to mating in general or mating when sperm is not
needed.
Males do not seem to be able to mate with females if males are engorged. When a
single male is fed individually, it will feed to engorgement; when placed with a female,
the engorged male will not be able to mate until some of its meal is expelled because
engorgement prevented the male from curving its abdomen in the necessary copulation
position (M. Lehnert personal observation). If a male is fed in the same vial as a female,
it will mate with the female while the female is feeding, and then feed itself. While
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mating occurs in aggregations, mating might occur at the host as well. Females feed
every 2-3 days (Reinhardt et al. 2009a), so are often moving. Meeting at a host, when
females are preoccupied with feeding, would allow males to successfully mate and
replenish their nutrition immediately after mating.
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CHAPTER FIVE
EFFECT OF HIGH TEMPERATURES AND SURFACE ON RESIDUAL
INSECTICIDES USED FOR CONTROLLING BED BUG INFESTATIONS

The common bed bug, Cimex lectularius L., has reestablished as a leading pest
across developed countries. Bed bugs can be found anywhere in an infested area
especially on mattresses, box springs, bed frames, headboards, and along baseboards
(Potter et al. 2006, Usinger 1966), all of which can be made from different materials such
as metal or wood. Although insecticides are the traditional option for bed bug control,
insecticides currently labeled for use against bed bugs contain active ingredients
(generally pyrethroids) to which many bed bug populations are resistant (Romero et al.
2007, Moore and Miller 2006). To enhance pyrethroid insecticide performance against
resistant strains, piperonyl butoxide and other ingredients have been added as synergists,
but the effect is variable (Romero et al. 2009b) Also, some products only reduce bed bug
populations, even after multiple applications, suggesting current label rates may be
insufficient for population elimination (Moore and Miller 2009).
The use of heat treatments is an effective bed bug control method that has become
popular in recent years (Kells 2006, Pinto et al. 2007) because bed bugs have no
resistance to heat. When temperatures of 45 °C are held in a treated area for the
recommended seven hours, all bed bug life stages die, including eggs (NPMA 2011,
Usinger 1966), with the recommended exposure time decreasing as temperature is
increased (Miller 2010, Pereira et al. 2009). Also, heat has the potential to penetrate

hidden harborages. These factors have led to the use of heat in a variety of ways,
including steam, portable heating devices, heat chambers, localized heat, and entire room
or entire house heat treatments (Pereira et al. 2009, Miller 2010, Getty et al. 2008, Kells
2006, Pinto et al. 2007).
Although bed bugs are not resistant to heat, heat treatments can be physically and
mechanically difficult (White 2010, Stanbridge 2010). Cold spots can occur if the heated
air is not circulated throughout the treatment area (Pereira et al. 2009). These cold spots
can be a sanctuary for bed bugs avoiding hot temperatures (Doggett et al. 2006). Heat can
also cause bed bugs to move (Hulasare et al. 2010), possibly into areas that are not being
treated, such as adjacent rooms. In addition, a heat treatment can be expensive for the
client due to the labor involved and the cost of treatment equipment, and leaves no
residual protection once the infestation is eliminated (Stanbridge 2010, Miller 2010).
Therefore, spraying insecticides around room perimeters and in possible cold spots such
as concrete, to supplement the heat treatment, is common practice for pest management
companies, (Miller 2010).
Although supplemental chemical spraying is practiced, pest management
professionals do not have a tested protocol for this procedure; some spray before a heat
treatment, some spray after a heat treatment, and some do both (personal communication,
D. Hodgson), to ensure the chemicals will be as effective as possible. Excess spraying of
insecticides is not only dangerous to the inhabitants and the environment, but spraying at
the wrong time also could make them less effective. Exposing insecticides to high
temperatures could lead to volatilization, leaving insecticide residue on surfaces not
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covered under product labels. The efficacy of a product can vary depending on the
surface, with higher mortality of target insects on some surfaces than on others (Toews et
al. 2003, de Arias et al. 2003). Therefore, an evaluation of the effect of high temperatures
and surface on insecticides used for bed bug control is warranted. My objectives for this
project were to 1) determine if exposing bed-bug labeled products to high temperatures
reduced their efficacy, 2) test which product has the highest mortality on each surface
type (absorptive, intermediate, non-absorptive) for susceptible and deltamethrin-resistant
bed bug strains, and 3) determine product efficacy after exposure to high temperatures
and aging. I hypothesized that spraying insecticides before heating would cause
insecticides to become less effective, especially as the length of aging increased. I also
hypothesized that the efficacy of an insecticide would vary according to surface, and that
some insecticides would perform better on some surfaces than on others.
Materials and Methods
Bed bugs. Bed bugs were maintained in plastic wide-mouthed jars (~118 ml, 58
mm dia.; Mold-rite Plastics Inc., Plattsburgh, NY) with cardboard harborage. The
bottoms of the jars were removed and replaced with mesh screen (Small Parts Inc.,
Seattle, WA) to allow for bed bug feeding. All bed bugs were fed weekly on defibrinated
rabbit blood (Hemostat Laboratories, Dixon, CA), using an artificial rearing system.
Insects were held in a Hotpack environmental chamber at 27 °C and 40-50 % RH, on a
12:12 reversed L:D cycle.
Populations of susceptible (Harold Harlan strain) and resistant (deltamethrin
topical application, 1000 µg/µl, North Carolina State University) bed bugs were used in
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the experiment. All bed bugs were fed 5-6 d before use in the experiments. With forceps,
male and female adult bed bugs were placed into plastic medicine cups (30 mL, Medical
Supply Group, Deerfield Beach, FL), five in each cup of either the susceptible or resistant
strain. They were held in cups until use in the experiment (no longer than three hours).
Application of insecticides and heat treatment. Five bed bug-labeled
insecticides were applied to panels (untreated wood = absorptive, carpet backing =
intermediate, and aluminum metal = non-absorptive) with a B and G Pistol Pro sprayer at
25 psi. Active ingredients and application rates were as follows: acetamiprid and
bifenthrin, 0.022% -- 0.25 fl oz per gallon of water (Transport, FMC Corporation,
Philadelphia PA), imidacloprid with β-cyfluthrin , 0.15% -- 0.54 fl oz per gallon of water
(Temprid SC, Bayer Environmental Science, Research Triangle Park NC), chlorfenapyr,
0.50% -- 3.0 fl oz per gallon of water or two seconds per linear foot (Phantom aerosol,
Phantom SC, BASF, Research Triangle Park NC), and chlorfenapyr with an IGR, two
seconds per linear foot (Phantom experimental aerosol). The carpet panels were treated
with insecticides on the backside, as insecticide run-off likely resides here when junctions
of baseboard and carpet are sprayed, and also provided a surface of intermediate
absorption. All control panels were sprayed with water. Panels were left to dry for 2two
hours.
After drying, half of the panels of each product by surface combination were
heated in a Precision Mechanical Convection Incubator oven Model 3050 (Precision
Scientific, Chicago, IL) to a temperature of 57 °C (135 °F) for seven hours to simulate
the upper limit of potential exposure to a heat treatment (Miller 2010, NPMA 2011), and
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to expose the control panels to possible volatilization of the insecticides. Panel placement
in the oven was blocked by replicate and randomized. Panels were removed from the
oven and left to cool until room temperature was reached (~ 30 min). One plastic
medicine cup (30 ml) with the bottom removed was inverted and placed onto each panel.
Where the lip of the cup met the panel, a layer of heated wax (Gulf Wax, The Royal Oak,
Royal Oak, MI) was painted to seal any gaps and prevent bed bug escape. After all panels
had cups and placement was randomized, five bed bugs were exposed to each panel.
Experiment design. A split-plot experiment design was used for this experiment.
Treatment, either heated or non-heated, was used as the whole-plot factor, insecticide
treatments as the split-plot factor, and surface panels as the individual experimental units.
Finally, the experiment was run with both resistant and susceptible strains, with four
replicates for each treatment by surface by insecticide combination (Figure 5.1). Overall,
288 panels were tested [two strains (resistant and susceptible) * two treatments (heated or
unheated) * three surfaces (unfinished wood, aluminum, and carpet backing) * five
products and control (Temprid, Transport, Phantom, Phantom SC, Phantom experimental,
water) * four replicates].
Product Aging. Each product was aged to assess the effect of heat on insecticide
residual activity on surface panels. All panels for an entire experimental set-up (288 per
time trial, as previously explained) were sprayed with product, left to dry for two hours,
and then either heated or left unheated. Once the heated panels were removed from the
oven, all panels were left to age, away from sunlight, but exposed to daily artificial light
(~ eight hours a day) as would likely occur in treated dwellings. Products were aged for
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Figure 5.1. Final arrangement of all treated panels in an aging time trial, with unheated
panels blocked then randomized on the left side and heated panels blocked and
randomized on the right side. All treated panels contain four replicates of each
surface/product/strain combination, as do all unheated panels, totaling 288 panels.

two weeks, one, two, three, or six months, after which panel arrangement was
randomized, and bed bugs were added to the panels. New panels (n=288) were used for
each aging time trial to ensure surfaces did not contain insecticide residue from previous
tests. Cups were secured onto panels one to two days before testing.
Data measurements. Once bed bugs were placed on panels, they were assessed
as alive or dead at one day intervals for two weeks. A bed bug was considered alive if
there was any movement when blown upon or prodded with a bamboo skewer. If no
movement occurred, the bed bug was arranged onto its dorsal side and prodded with
bamboo skewers (Global Equipment Company, Inc., Port Washington, NY) while
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breathed upon. Only if no movement occurred after these steps was it considered to be
dead.
Statistical analysis. The mean percentage and standard error of dead bed bugs for
each strain on each surface for each product was calculated. Data were transformed and
analyzed as a split-plot design, with treatment (heated or unheated) as the whole-plot
factor, insecticide as the split-plot factor, and panel surfaces as the individual
experimental units. Only data at days one and 14 of the time trials were analyzed to test
the speed of action of each insecticide. Each age time trial was analyzed individually, and
resistant and susceptible data in each time trial were analyzed separately by surface. If
there was a significant interaction, Least Squares Means were calculated and simple
effects investigated to determine the specifics of the interaction. Means were separated
using Least Squares Means (α = 0.05, SAS v 9.3).
Results
Resistant strain. Graphs of all results are reported in Appendix A. Heat by
product interactions affected resistant bed bug mortality throughout the six aging time
trials, which varied depending on the surface. On carpet, unheated panels of both
Transport and Phantom SC had higher mortality than heated panels during the immediate
(Figure 5.2A, Table 5.1) and six month (Figure 5.2C) aging trials. After two months of
carpet panel aging, the heated Temprid and control panels had higher mortality than their
respective unheated panels (Figure 5.2B). On metal panels, heated Temprid panels had
higher mortality than heated panels after one day exposure during the immediate and six
months time trials (Figure 5.3A and B, Table 5.2).
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Figure 5.2. The effect of heat exposure (57° C for seven hours) and insecticide product
interaction on resistant bed bug mortality on carpet over 14 days during the A)
immediate, B) two month, and C) six month insecticide aging time trials. h = heated
panels; u = unheated panels; 1 = 100% mortality.
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Table 5.1. Significance of main effects on bed bug mortality (df; F value; P value) of resistant and susceptible strains at all
aging time trials after 1 and 14 days of exposure to treated carpet panels (α = 0.05, SAS v. 9.3).
1

Interaction

Heat Treatment

14

Insecticide

5, 30; 2.13; 0.0089
5, 30; 0.30; 0.9106
5, 30; 0.50; 0.7727
5, 29; 2.84; 0.0330
5, 30; 0.20; 0.9609
5, 30; 0.73; 0.6042

1, 3; 8.54; 0.0614
1, 3; 4.46; 0.1252
1, 3; 0.00; 1.0000
1, 3; 0.28; 0.6312
1, 3; 0.41; 0.5667
1, 3; 0.22; 0.6740

5, 30; 8.10; < .0001
5, 30; 3.34; 0.0163
5, 30; 3.14; 0.0212
5, 29; 3.22; 0.0197
5, 30; 1.24; 0.3156
5, 30; 0.73; 0.6042

5, 30; 1.29; 0.2949
5, 30; 2.51; 0.0515
5, 30; 4.25; 0.0049
5, 30; 1.59; 0.1937
5, 30; 2.25; 0.0755
5, 30; 1.51; 0.2150

1, 3; 1.12; 0.3670
1, 3; 1.24; 0.3473
1, 3; 0.25; 0.6487
1, 3; 3.73; 0.1488
1, 3; 0.30; 0.6205
1, 3; 1.04; 0.3839

5, 30; 22.6; < .0001
5, 30; 8.53; < .0001
5, 30; 25.30; < .0001
5, 30; 13.57; < .0001
5, 30; 28.79; < .0001
5, 30; 31.68; < .0001

Interaction

5, 30; 2.85; 0.0320
5, 30; 1.80; 0.1428
5, 30; 1.86; 0.1309
5, 29; 4.90; 0.0023
5, 30; 1.90; 0.1232
5, 30; 2.76; 0.0362

5, 30; 0.73; 0.6081
5, 30; 5.97; 0.0006
5, 30; 6.78; 0.0002
5, 30; 0.10; 0.9916
5, 30; 1.83; 0.1373
5, 30; 1.50; 0.2206

Heat Treatment

Insecticide

1, 3; 5.95; 0.0926
1, 3; 0.02; 0.9049
1, 3; 0.50; 0.5317
1, 3; 3.71; 0.1497
1, 3; 0.12; 0.7548
1, 3; 2.11; 0.2422

5, 30; 28.2; < .0001
5, 30; 14.40; < .0001
5, 30; 13.88; < .0001
5, 29; 28.40; < .0001
5, 30; 5.99; 0.0006
5, 30; 6.63; 0.0003

1, 3; 0.07; 0.4563
1, 3; 8.07; 0.0656
1, 3; 7.98; 0.0665
1, 3; 0.10; 0.7736
1, 3; 0.42; 0.5639
1, 3; 4.62; 0.1208

5, 30;105.78;< .0001
5, 30; 35.38; < .0001
5, 30; 28.12; < .0001
5, 30; 31.63; < .0001
5, 30; 20.18; < .0001
5, 30; 23.57; < .0001
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Figure 5.3. The effect of heat exposure (57° C for seven hours) and insecticide product
interaction on resistant bed bug mortality on metal over 14 days during the A) immediate
and B) six month insecticide aging time trials. h = heated panels; u = unheated panels; 1
= 100% mortality.

On wood panels (Figure 5.4, Table 5.3), unheated Temprid panels had higher mortality
than the heated panels during the one month aging time trial.
Transport carpet panels had highest resistant bed bug mortality after one day of
exposure during the immediate, two weeks, one and two months aging time trials, but by
three and six months no differences existed (Tables 5.1, 5.4). After 14 days of exposure,
Phantom aerosol, Phantom experimental, and Transport panels all had highest mortality
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Table 5.2. Significance of main effects on bed bug mortality (df; F value; P value) of resistant and susceptible strains at all
time trials after 1 and 14 days of exposure to treated metal panels (α = 0.05, SAS v. 9.3).
1

Interaction

Heat Treatment

14

Insecticide

Interaction

Heat Treatment

Insecticide

5, 30; 0.66; 0.6557
5, 30; 0.41; 0.8355
5, 30; 2.70; 0.0395
5, 30; 0.20; 0.9598
5, 30; 0.66; 0.6553
5, 30; 2.83; 0.0327

1, 3; 0.51; 0.5269
1, 3; 0.55; 0.5112
1, 3; 3.22; 0.1705
1, 3; 0.93; 0.4062
1, 3; 0.20; 0.6876
1, 3; 1.42; 0.3189

5, 30; 27.81; < .0001
5, 30; 7.62; 0.0001
5, 30; 21.20; < .0001
5, 30; 11.85; < .0001
5, 30; 42.96; < .0001
5, 30; 23.52; < .0001

5, 30; 1.53; 0.2093
5, 30; 0.64; 0.6739
5, 30; 2.69; 0.0402
5, 30; 0.43; 0.8250
5, 30; 0.17; 0.9723
5, 30; 2.45; 0.0564

1, 3; 2.15; 0.2392
1, 3; 0.04; 0.8524
1, 3; 0.37; 0.5866
1, 3; 0.43; 0.5594
1, 3; 0.03; 0.8796
1, 3; 0.05; 0.8423

5, 30; 32.91; < .0001
5, 30; 23.08; < .0001
5, 30; 15.88; < .0001
5, 30; 81.39; < .0001
5, 30; 16.75; < .0001
5, 30; 12.98; < .0001

5, 30; 5.48; 0.0011
5, 30; 2.35; 0.0645
5, 30; 1.85; 0.1325
5, 30; 0.99; 0.4392
5, 30; 3.72; 0.0097
5, 30; 1.26; 0.3084

1, 3; 4.37; 0.1277
1, 3; 0.86; 0.4217
1, 3; 8.33; 0.0632
1, 3; 11.52; .0426
1, 3; 6.88; 0.788
1, 3;14.27; 0.0325

5, 30; 8.56; < .0001
5, 30; 8.70; < .0001
5, 30; 8.68; < .0001
5, 30; 20.98; < .0001
5, 30; 7.82; < .0001
5, 30; 3.63; 0.0110

5, 30; 5.98; 0.0006
5, 30; 1.00; 0.4346
5, 30; 2.51; 0.0518
5, 29; 0.97; 0.4539
-

1, 3; 5.98; 0.0920
1, 3; 1.00; 0.3910
1, 3; 2.51; 0.2114
1, 3; 0.95; 0.4025
-

5, 30; 5.98; 0.0006
5, 30; 1.00; 0.4346
5, 30; 2.51; 0.0518
5, 29; 0.97; 0.4539
-
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Table 5.3. Significance of main effects on bed bug mortality (df; F value; P value) of resistant and susceptible strains at all
time trials after 1 and 14 days of exposure to treated wood panels (α = 0.05, SAS v. 9.3).
1

Interaction

Heat Treatment

14

Insecticide

Interaction

Heat Treatment

Insecticide

5, 30; 0.07; 0.9960
5, 30; 0.49; 0.7841
5, 30; 1.00; 0.4346
5, 30; 1.32; 0.2841
5, 30; 2.32; 0.0676
5, 30; 0.00; 1.000

1, 3; 0.07;0.8065
1, 3; 0.14;0.7306
1, 3; 1.00;0.3910
1, 3; 0.02;0.8877
1, 3; 0.00; 1.00
1, 3; 0.00; 1.000

5, 30; 1.93; 0.1189
5, 30; 0.49; 0.7841
5, 30; 1.00; 0.4346
5, 30; 1.62; 0.1857
5, 30; 1.74; 0.1555
5, 30; 1.20; 0.3330

5, 30; 2.04; 0.1010
5, 30; 1.84; 0.1357
5, 29; 2.69; 0.0408
5, 30; 0.11; 0.9889
5, 30; 2.13; 0.0892
5, 30; 0.64; 0.6727

1, 3; 2.22; 0.2333
1, 3; 3.77; 0.1476
1, 3; 0.54; 0.5159
1, 3; 0.06; 0.8246
1, 3; 0.97; 0.3969
1, 3; 0.33; 0.6040

5, 30; 11.48; < .0001
5, 30; 13.05; < .0001
5, 30; 21.08; < .0001
5, 30; 22.33; < .0001
5, 30; 9.78; < .0001
5, 30; 8.23; < .0001

5, 30; 3.67; 0.0104
5, 30; 0.44; 0.8139
5, 30; 0.70; 0.6264
5, 30; 1.25; 0.3098
5, 30; 0.44; 0.8184
5, 30; 1.71; 0.1630

1, 3; 0.13;0.7399
1, 3; 0.74;0.4540
1, 3; 0.96;0.3990
1, 3; 1.08;0.3759
1, 3; 9.72;0.0526
1, 3; 2.25;0.2308

5, 30; 26.56;<.0001
5, 30; 4.77; 0.0025
5, 30; 6.18; 0.0005
5, 30; 10.22;<.0001
5, 30; 14.37;<.0001
5, 30; 8.94; <.0001

5, 30; 11.09;<.0001
5, 30; 41.60;<.0001
5, 30; 6.35; 0.0004
5, 30; 18.08;<.0001
5, 30; 3.00; 0.0259
5, 30; 3.70; 0.0100

1, 3; 12.79;0.0374
1, 3; 30.08;0.0119
1, 3; 6.35; 0.0862
1, 3; 18.08; .0238
1, 3; 3.00; 0.1817
1, 3; 7.04; 0.0768

5, 30; 11.09; < .0001
5, 30; 41.60; < .0001
5, 30; 6.35; 0.0004
5, 30; 49.16; < .0001
5, 30; 3.00; 0.0259
5, 30; 13.86; < .0001
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Figure 5.4. The effect of heat exposure (57° C for seven hours) and insecticide product
interaction on resistant bed bug mortality on wood over 14 days during the one month
insecticide aging time trials. h = heated panels; u = unheated panels; 1 = 100% mortality.

during all time trials except for the six month aging time trial, in which Transport alone
had highest mortality on panels. The activity of panels treated with Phantom products
increased as aging increased up until the 6 month time trial, when activity returned to
levels seen during the immediate time trial. Transport also caused highest resistant
mortality on metal panels (Tables 5.2, 5.5) at all time trials, after one day exposure; after
14 day exposure, Transport, Temprid, and Phantom experimental panels had highest
mortality until panels were aged three and six months, after which Transport and Temprid
panels had more mortality than the other treatments. Temprid-treated wood panels
(Tables 5.3, 5.6) had slightly lower mortality after one day exposure than the other
treatments only during the two months aging time trial; otherwise no product
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Table 5.4. Effect of product on mortality (mean % ± SE) of resistant and susceptible bed bug
strains after 1 and 14 days of exposure to treated carpet panels after different periods of
aging.
Mortality Reading Time (days)
Immediate Time Trial
Product
Phantom Aerosol
Phantom Experimental
Phantom SC
Temprid
Transport
Control
2 Week Time Trial
Phantom Aerosol
Phantom Experimental
Phantom SC
Temprid
Transport
Control
1 Month Time Trial
Phantom Aerosol
Phantom Experimental
Phantom SC
Temprid
Transport
Control
2 Month Time Trial
Phantom Aerosol
Phantom Experimental
Phantom SC
Temprid
Transport
Control
3 Month Time Trial
Phantom Aerosol
Phantom Experimental
Phantom SC
Temprid
Transport
Control
6 Month Time Trial
Phantom Aerosol
Phantom Experimental
Phantom SC
Temprid
Transport
Control

Resistant
1

14

Susceptible
1

14

<1.0 ± 4.7 b
5.0 ± 4.7 b
<1.0 ± 4.7 b
12.5 ± 4.7 b
30.0 ± 4.7 a
<1.0 ± 4.7 b

82.5 ± 6.0 ab
87.5 ± 6.0 a
65.0 ± 6.0 b
97.5 ± 6.0 a
97.5 ± 6.0 a
10.0 ± 6.0 c

12.5 ± 6.5 bc
10.0 ± 6.5 bc
15.0 ± 6.5 b
65.0 ± 6.5 a
75.0 ± 6.5 a
<1.0 ± 6.5 c

100.0 ± 3.4 a
100.0 ± 3.4 a
100.0 ± 3.4 a
100.0 ± 3.4 a
100.0 ± 3.4 a
30.0 ± 3.4 b

2.5 ± 3.3 b
5.0 ± 3.3 b
2.5 ± 3.3 b
2.5 ± 3.3 b
17.5 ± 3.3 a
<1.0 ± 3.3 b

95.0 ± 4.4 a
90.0 ± 4.4 ab
80.0 ± 4.4 bc
72.5 ± 4.4 c
87.5 ± 4.4 ab
35.0 ± 4.4 d

2.5 ± 5.7 c
5.0 ± 5.7 c
10.0 ± 5.7 bc
20.0 ± 5.7 b
42.5 ± 5.7 a
<1.0 ± 5.7 c

100.0 ± 3.7 a
97.5 ± 3.7 a
100.0 ± 3.7 a
100.0 ± 3.7 a
100.0 ± 3.7 a
45.0 ± 3.7 b

<1.0 ± 3.0 b
<1.0 ± 3.0 b
<1.0 ± 3.0 b
2.5 ± 3.0 b
12.5 ± 3.0 a
<1.0 ± 3.0 b

100.0 ± 6.3 a
97.5 ± 6.3 ab
85.0 ± 6.3 b
65.0 ± 6.3 c
82.5 ± 6.3 b
40.0 ± 6.3 d

5.0 ± 4.8 c
<1.0 ± 4.8 c
5.0 ± 4.8 c
30.0 ± 4.8 b
65.0 ± 4.8 a
2.5 ± 4.8 c

100.0 ± 3.3 a
100.0 ± 3.3 a
92.5 ± 3.3 a
100.0 ± 3.3 a
100.0 ± 3.3 a
50.0 ± 3.3 b

2.5 ± 3.5 bc
10.0 ± 3.5 ab
<1.0 ± 3.5 c
2.5 ± 3.5 bc
15.0 ± 3.5 a
<1.0 ± 3.5 c

100.0 ± 5.3 a
100.0 ± 5.3 a
92.5 ± 5.3 a
65.0 ± 5.3 b
95.0 ± 5.3 a
29.3 ± 5.3 c

22.5 ± 7.3 b
5.0 ± 7.3 c
5.0 ± 7.3 c
37.5 ± 7.3 ab
52.5 ± 7.3 a
<1.0 ± 7.3 c

100.0 ± 4.6 a
100.0 ± 4.6 a
100.0 ± 4.6 a
100.0 ± 4.6 a
100.0 ± 4.6 a
35.0 ± 4.6 b

2.5 ± 3.7 a
<1.0 ± 3.7 a
5.0 ± 3.7 a
<1.0 ± 3.7 a
10.0 ± 3.7 a
<1.0 ± 3.7 a

82.5 ± 7.2 a
82.5 ± 7.2 a
60.0 ± 7.2 b
60.0 ± 7.2 b
85.0 ± 7.2 a
40.0 ± 7.2 b

5.0 ± 6.3 b
10.0 ± 6.3 b
7.5 ± 6.3 b
65.0 ± 6.3 a
80.0 ± 6.3 a
<1.0 ± 6.3 b

100.0 ± 3.5 a
100.0 ± 3.5 a
97.5 ± 3.5 a
100.0 ± 3.5 a
100.0 ± 3.5 a
70.0 ± 3.5 b

2.5 ± 2.4 a
5.0 ± 2.4 a
2.5 ± 2.4 a
<1.0 ± 2.4 a
2.5 ± 2.4 a
<1.0 ± 2.4 a

57.5 ± 7.5 bc
67.5 ± 7.5 ab
50.0 ± 7.5 bcd
45.0 ± 7.5 cd
82.5 ± 7.5 a
32.5 ± 7.5 d

15.0 ± 6.7 b
2.5 ± 6.7 b
<1.0 ± 2.4 b
82.5 ± 6.7 a
70.0 ± 6.7 a
<1.0 ± 2.4 b

95.0 ± 5.6 a
95.0 ± 5.6 a
77.5 ± 5.6 b
100.0 ± 5.6 a
100.0 ± 5.6 a
27.5 ± 5.6 c

Means within a column for a time trial followed by different lowercase letters are
significantly different from one another (α = 0.05, Least Standard Means, SAS Institute
2013).
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Table 5.5. Effect of product on mortality (mean % ± SE) of resistant and susceptible bed bug
strains after 1 and 14 days of exposure to treated metal panels after different periods of aging.
Mortality Reading Time (days)
Immediate Time Trial
Product
Phantom Aerosol
Phantom Experimental
Phantom SC
Temprid
Transport
Control
2 Week Time Trial
Phantom Aerosol
Phantom Experimental
Phantom SC
Temprid
Transport
Control
1 Month Time Trial
Phantom Aerosol
Phantom Experimental
Phantom SC
Temprid
Transport
Control
2 Month Time Trial
Phantom Aerosol
Phantom Experimental
Phantom SC
Temprid
Transport
Control
3 Month Time Trial
Phantom Aerosol
Phantom Experimental
Phantom SC
Temprid
Transport
Control
6 Month Time Trial
Phantom Aerosol
Phantom Experimental
Phantom SC
Temprid
Transport
Control

Resistant
1

14

Susceptible
1

14

5.0 ± 6.5 b
<1.0 ± 6.5 b
7.5 ± 6.5 b
70.0 ± 6.5 a
82.5 ± 6.5 a
<1.0 ± 6.5 b

87.5 ± 3.4 b
97.5 ± 3.4 a
82.5 ± 3.4 b
100.0 ± 3.4 a
100.0 ± 3.4 a
27.5 ± 3.4 c

50.0 ± 8.3 bc
37.5 ± 8.3 c
40.0 ± 8.3 c
67.5 ± 8.3 b
95.0 ± 8.3 a
45.0 ± 8.3 c

100.0 ± 3.5 a
100.0 ± 3.5 a
100.0 ± 3.5 a
100.0 ± 3.5 a
100.0 ± 3.5 a
82.5 ± 3.5 b

2.5 ± 6.7 cb
17.5 ± 6.7 b
5.0 ± 6.7 cb
10.0 ± 6.7 cb
50.0 ± 6.7 a
<1.0 ± 6.7 c

92.5 ± 3.7 ab
100.0 ± 3.7 a
95.0 ± 3.7 a
87.5 ± 3.7 b
100.0 ± 3.7 a
45.0 ± 3.7 c

22.5 ± 7.7 cd
27.5 ± 7.7 bc
37.5 ± 7.7 bc
47.5 ± 7.7 ab
65.0 ± 7.7 a
10.0 ± 7.7 d

100.0 ± 3.1 a
100.0 ± 3.1 a
100.0 ± 3.1 a
100.0 ± 3.1 a
100.0 ± 3.1 a
92.5 ± 3.1 a

5.0 ± 5.0 bc
2.5 ± 5.0 c
5.0 ± 5.0 bc
17.5 ± 5.0 b
65.0 ± 5.0 a
< 1.0 ± 5.0 c

100.0 ± 6.3 a
87.5 ± 6.3 a
97.5 ± 6.3 a
90.0 ± 6.3 a
100.0 ± 6.3 a
35.0 ± 6.3 b

40.0 ± 9.9 bc
27.5 ± 9.9 c
22.5 ± 9.9 c
62.5 ± 9.9 b
97.5 ± 9.9 a
30.0 ± 9.9 c

100.0 ± 0 a
100.0 ± 0 a
100.0 ± 0 a
100.0 ± 0 a
100.0 ± 0 a
100.0 ± 0 a

10.0 ± 8.1 b
12.5 ± 8.1 b
5.0 ± 8.1 b
55.0 ± 8.1 a
67.5 ± 8.1 a
2.5 ± 8.1 b

100.0 ± 3.1 a
100.0 ± 3.1 a
100.0 ± 3.1 a
100.0 ± 3.1 a
100.0 ± 3.1 a
55.0 ± 3.1 b

30.0 ± 7.3 cb
30.0 ± 7.3 cb
25.0 ± 7.3 c
50.0 ± 7.3 b
87.5 ± 7.3 a
35.0 ± 7.3 c

100.0 ± 2.9 a
100.0 ± 2.9 a
100.0 ± 2.9 a
100.0 ± 2.9 a
100.0 ± 2.9 a
90.0 ± 2.9 a

5.0 ± 5.4 c
2.5 ± 5.4 c
< 1.0 ± 5.4 c
40.0 ± 5.4 b
90.0 ± 5.4 a
5.0 ± 5.4 c

85.0 ± 6.1 b
87.5 ± 6.1 ab
72.0 ± 6.1 b
100.0 ± 6.1 a
100.0 ± 6.1 a
27.5 ± 6.1 c

62.5 ± 9.7 b
42.5 ± 9.7 bc
52.5 ± 9.7 bc
57.5 ± 9.7 bc
100.0 ± 9.7 a
37.5 ± 9.7 c

100.0 ± 3.2 a
100.0 ± 3.2 a
100.0 ± 3.2 a
100.0 ± 3.2 a
100.0 ± 3.2 a
92.5 ± 3.2 a

2.5 ± 6.0 c
<1.0 ± 6.0 c
5.0 ± 6.0 c
32.5 ± 6.0 b
67.5 ± 6.0 a
<1.0 ± 6.0 c

72.5 ± 5.7 c
77.5 ± 5.7 bc
62.5 ± 5.7 d
92.5 ± 5.7 ab
97.5 ± 5.7 a
35.0 ± 5.7 e

57.5 ± 10.3 ab
32.5 ± 10.3 bc
42.5 ± 10.3 bc
52.5 ± 10.3abc
77.5 ± 10.3 a
2.5 ± 10.3 c

100.0 ± 0.0 a
100.0 ± 0.0 a
100.0 ± 0.0 a
100.0 ± 0.0 a
100.0 ± 0.0 a
100.0 ± 0.0 a

Means within a column for a time trial followed by different lowercase letters are
significantly different from one another (α = 0.05, Least Standard Means, SAS Institute
2013).
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Table 5.6. Effect of product on mortality (mean % ± SE) of resistant and susceptible bed bug
strains after 1 and 14 days of exposure to treated wood panels after different periods of aging.
Mortality Reading Time (days)
Immediate Time Trial
Product
Phantom Aerosol
Phantom Experimental
Phantom SC
Temprid
Transport
Control
2 Week Time Trial
Phantom Aerosol
Phantom Experimental
Phantom SC
Temprid
Transport
Control
1 Month Time Trial
Phantom Aerosol
Phantom Experimental
Phantom SC
Temprid
Transport
Control
2 Month Time Trial
Phantom Aerosol
Phantom Experimental
Phantom SC
Temprid
Transport
Control
3 Month Time Trial
Phantom Aerosol
Phantom Experimental
Phantom SC
Temprid
Transport
Control
6 Month Time Trial
Phantom Aerosol
Phantom Experimental
Phantom SC
Temprid
Transport
Control

Resistant
1

14

Susceptible
1

14

<1.0 ± 2.3 a
<1.0 ± 2.3 a
<1.0 ± 2.3 a
7.5 ± 2.3 a
<1.0 ± 2.3 a
<1.0 ± 2.3 a

75.0 ± 9.0 a
80.0 ± 9.0 a
70.0 ± 9.0 a
42.5 ± 9.0 b
42.5 ± 9.0 b
15.0 ± 9.0 c

15.0 ± 7.5 b
25.0 ± 7.5 b
12.5 ± 7.5bc
62.5 ± 7.5 a
75.0 ± 7.5 a
<1.0 ± 7.5 c

97.5 ± 4.1 a
100.0 ± 4.1 a
92.5 ± 4.1 a
100.0 ± 4.1 a
100.0 ± 4.1 a
67.5 ± 4.1 b

5.0 ± 2.7 a
2.5 ± 2.7 a
2.5 ± 2.7 a
2.5 ± 2.7 a
5.0 ± 2.7 a
<1.0 ± 6.7 a

90.0 ± 5.6 a
95.0 ± 5.6 a
85.0 ± 5.6 ab
35.0 ± 5.6 d
72.5 ± 5.6 bc
55.0 ± 5.6 cd

10.0 ± 7.9 b
5.0 ± 7.9 b
7.5 ± 7.9 b
15.0 ± 7.9 b
47.5 ± 7.9 a
<1.0 ± 7.9 b

100.0 ± 2.2 a
97.5 ± 2.2 a
100.0 ± 2.2 a
100.0 ± 2.2 a
100.0 ± 2.2 a
57.5 ± 2.2 b

<1.0 ± 1.0 a
2.5 ± 1.0 a
<1.0 ± 1.0 a
<1.0 ± 1.0 a
<1.0 ± 1.0 a
<1.0 ± 1.0 a

95.0 ± 6.3 a
97.5 ± 6.3 a
97.5 ± 6.3 a
55.0 ± 6.3 bc
72.5 ± 6.3 b
35.0 ± 6.3 d

7.5 ± 7.0 b
15.0 ± 7.0 b
10.0 ± 7.0 b
37.5 ± 7.0 a
42.5 ± 7.0 a
5.0 ± 7.0 b

100.0 ± 4.5 a
100.0 ± 4.5 a
100.0 ± 4.5 a
100.0 ± 4.5 a
100.0 ± 4.5 a
72.5 ± 4.5 b

5.0 ± 5.4 ab
7.5 ± 5.4 ab
2.5 ± 5.4 ab
5.0 ± 5.4 b
17.5 ± 5.4 a
<1.0 ± 5.4 b

100.0 ± 7.4 a
100.0 ± 7.4 a
97.5 ± 7.4 a
45.0 ± 7.4bc
62.5 ± 7.4 b
45.0 ± 7.4 c

22.5 ± 7.1bc
7.5 ± 7.1dc
12.5 ± 7.1dc
35.0 ± 7.1ab
60.0 ± 7.1 a
2.5 ± 7.1 d

100.0 ± 2.3 a
100.0 ± 2.3 a
100.0 ± 2.3 a
100.0 ± 2.3 a
100.0 ± 2.3 a
62.5 ± 2.3 b

<1.0 ± 2.2 a
5.0 ± 2.2 a
5.0 ± 2.2 a
<1.0 ± 2.2 a
5.0 ± 2.2 a
<1.0 ± 2.2 a

80.0 ± 7.3 a
90.0 ± 7.3 a
80.0 ± 7.3 a
57.5 ± 7.3 b
35.0 ± 7.3 c
37.5 ± 7.3 c

20.0 ± 7.2bc
15.0 ± 7.2bc
27.5 ± 7.2 b
60.0 ± 7.2 a
77.5 ± 7.2 a
5.0 ± 7.2 c

100.0 ± 1.2 a
100.0 ± 1.2 a
100.0 ± 1.2 a
100.0 ± 1.2 a
100.0 ± 1.2 a
95.0 ± 1.2 b

5.0 ± 2.5 a
5.0 ± 2.5 a
5.0 ± 2.5 a
<1.0 ± 2.5 a
<1.0 ± 2.5 a
<1.0 ± 2.5 a

62.5 ± 9.9 a
65.0 ± 9.9 a
70.0 ± 9.9 a
75.0 ± 9.9 a
37.5 ± 9.9 b
17.5 ± 9.9 b

12.5 ± 5.5bc
7.5 ± 5.5 c
2.5 ± 5.5 c
25.0 ± 5.5ab
37.5 ± 5.5 a
<1.0 ± 5.5 c

92.5 ± 4.1 a
97.5 ± 4.1 a
95.0 ± 4.1 a
100.0 ± 4.1 a
100.0 ± 4.1 a
55.0 ± 4.1 b

Means within a column for a time trial followed by different lowercase letters are
significantly different from one another (α = 0.05, Least Standard Means, SAS Institute
2013).
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differences existed at one day exposure. After 14 days exposure, Phantom experimental,
Phantom aerosol, and Phantom SC consistently caused the highest mortality across all
aging time trials. Mortality on Transport panels dropped after the 2 month aging time
trial, and the activity on Temprid panels increased as the amount of aging increased,
leading to higher mortality in the later time trials on Temprid-treated wood panels.
Susceptible strain. Susceptible mortality was highly affected by heat by product
interactions, much more so than the resistant strain. The heated carpet control panels had
higher mortality than did the unheated at both two weeks (Figure 5.5A, Table 5.1) and
one month (Figure 5.5B) of aging. On carpet during the one month aging time trial
(Figure 5.5B), unheated Temprid panels had higher mortality than heated, whereas heated

was highly influenced by a heat by product interaction in the immediate aging trial
(Figure 5.6A, Table 5.2). All Phantom products had higher mortality after exposure to
heat at the two and three months time trials (Figure 5.6 B and C). Unheated Temprid
panels had higher mortality than heated panels during the immediate and three month
time trial. Heated control panels had higher mortality at the immediate and three month
time trial (Figure 5.6C). Heated control wood panels also had higher mortality than
unheated panels at every aging time trial (Table 5.3). Heated Phantom SC and Phantom
aerosol panels had higher mortality at the immediate(Figure 5.7A) and six month aging
time trials, respectively (Figure 5.7B).
After one day of bed bug exposure to carpet panels (Tables 5.1, 5.4), Temprid and
Transport panels had the highest mortality across all aging time trials. After 14 days of
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Transport panels had higher mortality than unheated panels. On metal panels, mortality

Figure 5.5. The effect of heat exposure (57° C for seven hours) and insecticide product
interaction on susceptible bed bug mortality on carpet over 14 days during the A) two
weeks and B) one month insecticide aging time trials. h = heated panels; u = unheated
panels; 1 = 100% mortality.
exposure to carpet panels, all treated panels had higher mortality than the control panels
across all aging time trials except at the six months trial, in which mortality decreased
when compared to the three months time trial on panels treated with Phantom SC. For
metal panels (Tables 5.2, 5.5), one day bed bug exposure resulted in highest mortality on
Transport panels at all time trials.
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Figure 5.6. The effect of heat exposure (57° C for seven hours) and insecticide product
interaction on susceptible bed bug mortality on metal over 14 days during the A)
immediate, B) two month, and C) three month insecticide aging time trials. h = heated
panels; u = unheated panels; 1 = 100% mortality.
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Figure 5.7. The effect of heat exposure (57° C for seven hours) and insecticide product
interaction on susceptible bed bug mortality on wood over 14 days during the A)
immediate and B) six month insecticide aging time trials. h = heated panels; u = unheated
panels; 1 = 100% mortality.

After 14 days of exposure to metal panels, only a product difference at the
immediate time trial existed, in which all treatments had higher mortality than the control
treatment; however, at all other aging time trials, the mortality on control panels was so
high that the control treatment was not statistically different from the product-treated
panels. One day of bed bug exposure to wood panels resulted in highest mortality on
Transport and Temprid-treated panels across all aging time trials (Tables 5.3, 5.6). After
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14 days of exposure to wood panels, bed bug mortality was higher on all treated panels
than mortality was on the control panels.
Heat as a main effect only had a significant influence on susceptible bed bug
mortality on metal and wood surfaces. Almost every time heat may have influenced
mortality, a significant interaction in which one or more products had higher mortality on
heated panels than unheated panels also occurred. On metal panels (Table 5.2), heated
panels caused higher mortality than unheated panels at both the two months and six
months aging time trials. On carpet panels (Table 5.3), heated panels had higher mortality
than unheated panels at the immediate, two weeks, and two months aging time trials.
Discussion
The use of heat to eliminate bed bug infestations is an effective method, but the
addition of insecticides can enhance the efficiency of heat treatments by providing
residual protection. However, the insecticides are sprayed on many different surfaces in a
bed bug infestation, some of which are made of metal, wood, or carpet. Therefore a
complex environment is created, with interactions occurring among heat, surface, and
insecticide. Understanding more about these interactions can lead to a protocol for pest
management professionals for spraying insecticides either before or after a heat
treatment, and which insecticide performs best on different surfaces.
Volatilization of one or more insecticides might have occurred during the heat
treatment, and that the insecticide particles landed on the heated control panels, thus
causing higher mortality on heated control panels. If insecticides are applied before heat
treatments, they could be volatilizing within the treated area and distributing to surfaces
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that are not covered under the label, such as pillows, couches, and sleeping surfaces of
mattresses. This redistribution of insecticide particles in unintentional locations could
lead to litigations, for pest management professionals are legally bound to follow the
directions of insecticide labels. However, if volatilization was occurring, I would expect
to see an increase of resistant mortality on heated control panels, but this was not the
case; only susceptible bed bugs showed an increase in mortality on the heated control
panels, so volatilization is not likely occurring. High control mortality prompted the
conduction of a control experiment in which I placed resistant bed bugs on heated and
unheated panels that did not have insecticide applied on them. After 14 days of bed bug
exposure, heated carpet, metal, and wood all had higher mortality than the unheated
panels. However, because volatilization is a sensitive issue, more direct research is
needed for verification.
The heat is chemically and physically changing the composition of the surfaces
within the heat treatment parameters, which might then cause bed bug mortality on
surfaces not sprayed with insecticide. Both wood and carpet release volatile organic
compounds at room temperature (VOCs), such as 4-phenylcyclohexane (Pleil and Whiton
1990), terpenes, and aldehydes (Que et al. 2013), and increasing temperatures can
increase the release rate of VOCs (Hawkins et al. 1992) and volatile insecticides (Lehnert
et al. 2011). The VOCs released from carpet and wood might be fatal for bed bugs. Also,
the heating process might eliminate moisture from surfaces; bed bug aggregations are
dynamic (Pfiester et al. 2009), and the microclimate might be controlled by the number of
fed vs. unfed bed bugs within an aggregation. The experiment parameters did not allow
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bed bugs to control their microhabitat to account for water loss (e.g. by adding members
to the aggregation). Resistant bed bug strains have thicker cuticle (Mamidala et al. 2012)
which probably allows them to prevent dehydration better than the susceptible bed bugs,
thus leading to higher mortality of the susceptible strain on control surfaces of carpet and
wood.
Surface topography microstructure of aluminum treated with a layer of titanium
changes when exposed to heat, which creates a roughened surface with sharply defined
points and valleys (MacDonald et al. 2004). Although the aluminum used in the
experiment was not treated with a layer of titanium, it was treated with a lubricant to
increase cutting efficiency. While the metal panels were washed before use, all of the
lubricant might not have been eliminated, which might have caused a roughened surface
on the metal, causing bed bug mortality in a way similar to that of dust treatments, once
again only affected the susceptible strain because of its thinner cuticle.
Product efficacy varied from one surface to the next, similarly to what was found
when bed bug mortality was tested with organophosphates and carbamates on different
surfaces (Fletcher and Axtell 1993). In general, Transport and Temprid caused the
highest resistant mortality on the metal and carpet panels, suggesting that these products
work best on non-absorptive to intermediately-absorptive surfaces. All Phantom products
caused highest mortality on the wood panels, outperforming other insecticides on an
absorptive surface; Phantom experimental also did well on carpet, a surface with
intermediate absorption. These differences in product performance across surfaces
suggest that bed bug control plans should be adapted to the specific situation. While
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spraying multiple products within an infestation is not always economical, and would
increase labor costs to spray different products on different surfaces based on the results
of this experiment, I recommend that the product chosen to spray within an infestation is
based on the surface that would be sprayed most (i.e. if a bedroom contains all wooden
furniture, a Phantom product that works well on absorptive surfaces might be best, but if
the furniture is made of metal, Temprid or Transport might be best).
Interactions of heat and product were surface dependent, meaning products either
reacted to heat and absorbent surfaces or heat and non-absorbent surfaces. The
interactions do not seem to be correlated to the formulation, so might be due to the active
ingredient type. For the most part, heat had a negative effect on Temprid and Transport,
which are both pyrethroid-based products, whereas heat had a positive effect on
chlorfenapyr-based Phantom products. Chlorfenapyr degrades more quickly at higher
temperatures (Kandil et al. 2011), so heat exposure might have stimulated release of the
active ingredient over time, increasing efficacy of the Phantom products over time (up to
3 mo), and then diminishing in activity sooner than if the product had not been exposed
to heat. Phantom products caused higher mortality on all surfaces the longer they were
aged, up until the 3 mo trial, after which the mortality was reduced; this also occurred
with Temprid on the wood surface. While the mechanism for the pattern is unknown, an
increase in efficacy for up to three months means these products could be incorporated
into a pro-active plan in places at risk of multiple reintroductions of bed bugs.
Until it is known if volatilization and redistribution of insecticides is occurring
within the parameters of heat treatments, I recommend that insecticides used to
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supplement heat treatments be sprayed after completion of the heat treatment, which will
ensure the insecticides are not volatilizing and prevent the insecticides from losing any of
their efficacy. Many of the pest management companies that spray insecticides before the
heat treatment do so because spraying before heating is logistically easier; the perimeter
of the room is usually free due to the needed preparations of the heat treatment, and
waiting to spray would require more labor after the heat treatment is over, raising the cost
of heat treatments for customers. Economic problems can be avoided if the perimeter is
sprayed after the heaters are turned off and clean-up begins; while it will still be hot
inside the treatment area, the exposure of the insecticides to heat will be limited to a
much shorter time than they would be if sprayed before a heat treatment. If volatilization
is not occurring, a chart can be created and distributed to pest management professionals,
guiding them in their decisions on which product should be sprayed before or after a heat
treatment, and on which surface.
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SUMMARY AND RECOMMENDATIONS
If the past 3,500 years provide any insights, then bed bugs are going to continue
their association with humans; research needs to continue moving forward to better equip
us to fight these pests. The need for information on bed bug biology and behavior
becomes apparent when traditional chemical treatments fail, and new technology is
needed to strengthen an integrated pest management program for bed bug control.
My first objective was to assess the bed bug situation in South Carolina. I
hypothesized that the importance of bed bugs in the state would be limited to urban areas.
Based on the survey, bed bugs did not yet appear to be a major pest problem in South
Carolina, but were considered significant only in areas where there is a high turn-over of
people (i.e., cities and tourist areas). Bed bugs were reported in all South Carolina
counties that contained a city. Traditional chemical treatments were consistently reported
as the main treatment strategy. Because of the perceived lack of bed bug importance in
South Carolina, most companies have not explored integrated pest management
strategies. Heat and other strategies will need to be explored by South Carolinian pest
management professionals if bed bugs become a more significant problem in the state.
Pest management professionals also reported a need for research on bed bug biology and
behavior, as well as control strategies, so I addressed this need in the rest of my
dissertation.
Little research has evaluated field infestations, mainly because the justification of
a treatment delay is ethically difficult when humans are suffering from the effects of a
bed bug infestation. However, I was able to survey the demographics of bed bug
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aggregations without compromising anyone’s well-being. I hypothesized that the
demographics at the aggregation-level would be different than the demographics of
sampled populations. As the data were separated by lower and lower levels, culminating
with the aggregation level, some generalized behaviors that were based on populationlevel statistics did not apply at the aggregation level. Within an infestation, aggregation
composition seems to fluctuate, with both male- and female-biased aggregations. Also,
females existed in aggregations and on furniture where no males were found. These
females tend to have more mating scars than other females from traumatic insemination,
the mating strategy of bed bugs in which males use their hypodermic genitalia and pierce
through females’ abdomens, injecting sperm within their body cavities. Females might
avoid multiple traumatic inseminations by hiding from males within aggregations;
however, laboratory tests would need to be performed to test this hypothesis. Mating
status, feeding status, and the number of mating scars did not provide enough information
to be used as predictor variables for whether a female will be aggregated or solitary.
Although male bed bugs and fifth-instar nymphs release alarm pheromone to
deter males from mating with them, previous studies showed that females did not release
this pheromone. However, only virgin females were tested. Although the testing of mated
females did not reveal the presence of alarm pheromone as a deterrent for mating, the
sample size was likely too small to have the necessary statistical power. Therefore, more
replications should be performed to strengthen the results of the data.
Applying an insecticide before heating can have a detrimental effect on that
insecticide’s efficacy, but the interaction occurs only for some products on some
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substrates. For example, Temprid SC (imidacloprid with β-cyfluthrin, Bayer
Environmental Science, Research Triangle Park NC) sprayed before heat treatments on
carpet or metal can be less effective than if the insecticide was not heated after
application. Transport (acetamiprid and bifenthrin , FMC Corporation, Philadelphia PA)
behaved in a similar manner. However, the efficacy of Phantom products (chlorfenapyr,
BASF, Research Triangle Park NC), increased on wood if the products were applied
before the heat treatment. The application of all insecticides after the heat treatment has
been performed is the most efficient protocol until the volatilization of insecticides is
tested.
The best way to successfully manage any pest is by learning as much as possible
about the biology and behavior of the organism in question. With regard to bed bugs,
relatively little information is known about the movement of bed bugs in an infestation,
from aggregation to aggregation, making optimizing a chemical treatment difficult. If bed
bug movement could be predicted, treatments could be specified and adapted to the
predictions. Mating behavior and the factors driving male and female interactions are an
area of research that could provide novel approaches to control strategies if more
information can be revealed. Because the treatment of bed bug infestations requires an
integrated approach, every novel method can be used in its own niche. For example, heat
as a stand-alone treatment for bed bugs is common, as are traditional chemical
treatments. But heat used in combination with chemical perimeter sprays is a strategy that
has been used by many pest management companies. Therefore, understanding the
relationship of heat and insecticides is necessary to optimize this control strategy. An
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important, unanswered question is whether or not insecticides are volatilizing if sprayed
before a heat treatment is performed, so exploration of the volatilization of insecticides is
necessary.

85

APPENDIX A: ALL CHAPTER FIVE DATA

Figure A.1. Effect of heat exposure (57° C for seven hours) and insecticide product on
resistant and susceptible bed bug mortality on carpet over 14 days during the immediate
aging trial. Day = day of mortality measurement after bed bugs were placed on panels; h
= heated panels; u = unheated panels; 1 = 100% mortality.
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Figure A.2. Effect of heat exposure (57° C for seven hours) and insecticide product on
resistant and susceptible bed bug mortality on metal over 14 days during the immediate
aging trial. Day = day of mortality measurement after bed bugs were placed on panels; h
= heated panels; u = unheated panels; 1 = 100% mortality.
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Figure A.3. Effect of heat exposure (57° C for seven hours) and insecticide product on
resistant and susceptible bed bug mortality on wood over 14 days during the immediate
aging trial. Day = day of mortality measurement after bed bugs were placed on panels; h
= heated panels; u = unheated panels; 1 = 100% mortality.
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Figure A.4. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Phantom Aerosol treated panels over 14 days during the immediate
aging trial. Day = day of mortality measurement after bed bugs were placed on panels; h
= heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.5. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Phantom Experimental treated panels over 14 days during the
immediate aging trial. Day = day of mortality measurement after bed bugs were placed
on panels; h = heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.6. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality of Phantom SC treated panels over 14 days during the immediate aging
trial. Day = day of mortality measurement after bed bugs were placed on panels; h =
heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.7. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality of Temprid treated panels over 14 days during the immediate aging
trial. Day = day of mortality measurement after bed bugs were placed on panels; h =
heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.8. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality of Transport treated panels over 14 days during the immediate aging
trial. Day = day of mortality measurement after bed bugs were placed on panels; h =
heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.9. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality of Control treated panels over 14 days during the immediate aging
trial. Day = day of mortality measurement after bed bugs were placed on panels; h =
heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.10. Effect of heat exposure (57° C for seven hours) and insecticide product on
resistant and susceptible bed bug mortality on carpet over 14 days after two weeks of
aging the insecticides. Day = day of mortality measurement after bed bugs were placed
on panels; h = heated panels; u = unheated panels; 1 = 100% mortality.

95

Figure A.11. Effect of heat exposure (57° C for seven hours) and insecticide product on
resistant and susceptible bed bug mortality on metal over 14 days after two weeks of
aging the insecticides. Day = day of mortality measurement after bed bugs were placed
on panels; h = heated panels; u = unheated panels; 1 = 100% mortality.
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Figure A.12. Effect of heat exposure (57° C for seven hours) and insecticide product on
resistant and susceptible bed bug mortality on wood over 14 days after two weeks of
aging the insecticides. Day = day of mortality measurement after bed bugs were placed
on panels; h = heated panels; u = unheated panels; 1 = 100% mortality.
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Figure A.13. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality of Phantom Aerosol treated panels over 14 days after two weeks of
aging the insecticides. Day = day of mortality measurement after bed bugs were placed
on panels; h = heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.14. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality of Phantom Experimental treated panels over 14 days after two weeks
of aging the insecticides. Day = day of mortality measurement after bed bugs were placed
on panels; h = heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.15. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality of Phantom SC treated panels over 14 after two weeks of aging the
insecticides. Day = day of mortality measurement after bed bugs were placed on panels; h
= heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.16. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality of Temprid treated panels over 14 days after two weeks of aging the
insecticides. Day = day of mortality measurement after bed bugs were placed on panels; h
= heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.17. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality of Transport treated panels over 14 days after two weeks of aging the
insecticides. Day = day of mortality measurement after bed bugs were placed on panels; h
= heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.18. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality of Control treated panels over 14 days after two weeks of aging the
insecticides. Day = day of mortality measurement after bed bugs were placed on panels; h
= heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.19. Effect of heat exposure (57° C for seven hours) and insecticide product on
resistant and susceptible bed bug mortality on carpet over 14 days after one month of
aging the insecticides. Day = day of mortality measurement after bed bugs were placed
on panels; h = heated panels; u = unheated panels; 1 = 100% mortality.
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Figure A.20. Effect of heat exposure (57° C for seven hours) and insecticide product on
resistant and susceptible bed bug mortality on metal over 14 days after one month of
aging the insecticides. Day = day of mortality measurement after bed bugs were placed
on panels; h = heated panels; u = unheated panels; 1 = 100% mortality.
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Figure A.21. Effect of heat exposure (57° C for seven hours) and insecticide product on
resistant and susceptible bed bug mortality on wood over 14 days after one month of
aging the insecticides.. Day = day of mortality measurement after bed bugs were placed
on panels; h = heated panels; u = unheated panels; 1 = 100% mortality.
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Figure A.22. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Phantom Aerosol treated panels over 14 days after one month of
aging the insecticides. Day = day of mortality measurement after bed bugs were placed
on panels; h = heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.23. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Phantom Experimental treated panels over 14 days after one month
of aging the insecticides. Day = day of mortality measurement after bed bugs were placed
on panels; h = heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.24. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Phantom SC treated panels over 14 days after one month of aging
the insecticides. Day = day of mortality measurement after bed bugs were placed on
panels; h = heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.25. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Temprid treated panels over 14 days after one month of aging the
insecticides. Day = day of mortality measurement after bed bugs were placed on panels; h
= heated panels; u = unheated panels; 1 = 100% dead.

110

Figure A.26. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Transport treated panels over 14 days after one month of aging the
insecticides. Day = day of mortality measurement after bed bugs were placed on panels; h
= heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.27. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Control treated panels over 14 after one month of aging the
insecticides. Day = day of mortality measurement after bed bugs were placed on panels; h
= heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.28. Effect of heat exposure (57° C for seven hours) and insecticide producton
resistant and susceptible bed bug mortality on carpet over 14 after two months of aging
the insecticides. Day = day of mortality measurement after bed bugs were placed on
panels; h = heated panels; u = unheated panels; 1 = 100% mortality.
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Figure A.29. Effect of heat exposure (57° C for seven hours) and insecticide product on
resistant and susceptible bed bug mortality on metal over 14 days after two months of
aging the insecticides. Day = day of mortality measurement after bed bugs were placed
on panels; h = heated panels; u = unheated panels; 1 = 100% mortality.
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Figure A.30. Effect of heat exposure (57° C for seven hours) and insecticide product on
resistant and susceptible bed bug mortality on wood over 14 days after two months of
aging the insecticides. Day = day of mortality measurement after bed bugs were placed
on panels; h = heated panels; u = unheated panels; 1 = 100% mortality.
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Figure A.31. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Phantom Aerosol treated panels over 14 days after two months of
aging the insecticides. Day = day of mortality measurement after bed bugs were placed
on panels; h = heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.32. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Phantom Experimental treated panels over 14 days after two months
of aging the insecticides. Day = day of mortality measurement after bed bugs were placed
on panels; h = heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.33. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Phantom SC treated panels over 14 days after two months of aging
the insecticides. Day = day of mortality measurement after bed bugs were placed on
panels; h = heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.34. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Temprid treated panels over 14 days during the after two months of
aging the insecticides. Day = day of mortality measurement after bed bugs were placed
on panels; h = heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.35. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Transport treated panels over 14 days after two months of aging the
insecticides. Day = day of mortality measurement after bed bugs were placed on panels; h
= heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.36. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Control treated panels over 14 days after two months of aging the
insecticides. Day = day of mortality measurement after bed bugs were placed on panels; h
= heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.37. Effect of heat exposure (57° C for seven hours) and insecticide product on
resistant and susceptible bed bug mortality on carpet over 14 days after three months of
aging the insecticides. Day = day of mortality measurement after bed bugs were placed
on panels; h = heated panels; u = unheated panels; Deadpc = percent dead; 1 = 100%
mortality.
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Figure A.38. Effect of heat exposure (57° C for seven hours) and insecticide product on
resistant and susceptible bed bug mortality on metal over 14 days after three months of
aging the insecticides. Day = day of mortality measurement after bed bugs were placed
on panels; h = heated panels; u = unheated panels; Deadpc = percent dead; 1 = 100%
mortality.
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Figure A.39. Effect of heat exposure (57° C for seven hours) and insecticide product on
resistant and susceptible bed bug mortality on wood over 14 days after three months of
aging the insecticides. Day = day of mortality measurement after bed bugs were placed
on panels; h = heated panels; u = unheated panels; Deadpc = percent dead; 1 = 100%
mortality.
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Figure A.40. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Phantom Aerosol treated panels over 14 days after three months of
aging the insecticides. Day = day of mortality measurement after bed bugs were placed
on panels; h = heated panels; u = unheated panels; Deadpc = percent dead; 1 = 100%
dead.
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Figure A.41. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Phantom Experimental treated panels over 14 days after three
months of aging the insecticides. Day = day of mortality measurement after bed bugs
were placed on panels; h = heated panels; u = unheated panels; Deadpc = percent dead; 1
= 100% dead.
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Figure A.42. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Phantom SC treated panels over 14 days after three months of aging
the insecticides. Day = day of mortality measurement after bed bugs were placed on
panels; h = heated panels; u = unheated panels; Deadpc = percent dead; 1 = 100% dead.
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Figure A.43. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Temprid treated panels over 14 days after three months of aging the
insecticides. Day = day of mortality measurement after bed bugs were placed on panels; h
= heated panels; u = unheated panels; Deadpc = percent dead; 1 = 100% dead.
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Figure A.44. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Transport treated panels over 14 days after three months of aging
the insecticides. Day = day of mortality measurement after bed bugs were placed on
panels; h = heated panels; u = unheated panels; Deadpc = percent dead; 1 = 100% dead.
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Figure A.45. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Control treated panels over 14 days after three months of aging the
insecticides. Day = day of mortality measurement after bed bugs were placed on panels; h
= heated panels; u = unheated panels; Deadpc = percent dead; 1 = 100% dead.
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Figure A.46. Effect of heat exposure (57° C for seven hours) and insecticide product on
resistant and susceptible bed bug mortality on carpet over 14 days after six months of
aging the insecticides. Day = day of mortality measurement after bed bugs were placed
on panels; h = heated panels; u = unheated panels; 1 = 100% mortality.
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Figure A.47. Effect of heat exposure (57° C for seven hours) and insecticide product on
resistant and susceptible bed bug mortality on metal over 14 days after six months of
aging the insecticides. Day = day of mortality measurement after bed bugs were placed
on panels; h = heated panels; u = unheated panels; 1 = 100% mortality.
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Figure A.48. Effect of heat exposure (57° C for seven hours) and insecticide product on
resistant and susceptible bed bug mortality on wood over 14 days after six months of
aging the insecticides. Day = day of mortality measurement after bed bugs were placed
on panels; h = heated panels; u = unheated panels; 1 = 100% mortality.
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Figure A.49. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Phantom Aerosol treated panels over 14 days after six months of
aging the insecticides. Day = day of mortality measurement after bed bugs were placed
on panels; h = heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.50. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Phantom Experimental treated panels over 14 days after six months
of aging the insecticides. Day = day of mortality measurement after bed bugs were placed
on panels; h = heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.51. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Phantom SC treated panels over 14 days after six months of aging
the insecticides. Day = day of mortality measurement after bed bugs were placed on
panels; h = heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.52. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Temprid treated panels over 14 days after six months of aging the
insecticides. Day = day of mortality measurement after bed bugs were placed on panels; h
= heated panels; u = unheated panels; 1 = 100% dead.

137

Figure A.53. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Transport treated panels over 14 days after six months of aging the
insecticides. Day = day of mortality measurement after bed bugs were placed on panels; h
= heated panels; u = unheated panels; 1 = 100% dead.
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Figure A.54. Effect of heat exposure (57° C for seven hours) on resistant and susceptible
bed bug mortality on Control treated panels over 14 days after six months of aging the
insecticides. Day = day of mortality measurement after bed bugs were placed on panels; h
= heated panels; u = unheated panels; 1 = 100% dead.
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